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Alternating-current  thin-film  electroluminescent  (ACTFEL)  phosphors  have  been 
studied  and  improved  with  respect  to  brightness,  color  and  efficiency.  It  is  shown  that 
ex-situ  co-doping  of  the  sputter  deposited  ZnSiMn  active  layer  with  K and  Cl  results  in 
53%  improvement  in  brightness,  62  % improvement  in  efficiency,  and  better  100-hour 
accelerated  aging  stability.  This  improvement  was  demonstrated  to  result  from  a 75% 
increase  in  excitation  efficiency  for  conduction  electrons,  combined  with  a small  decrease 
in  both  light  outcoupling  and  non-radiative  recombination.  By  studying  the  electrical 
behavior  of  the  co-doped  devices  as  compared  to  the  undoped  devices,  it  was  determined 
that  there  is  a reduced  amount  of  static  space  charge  in  the  films,  resulting  in  a larger 
average  field,  increased  excitation  efficiency,  and  increased  charge  multiplication.  The 
reduced  space  charge  is  attributed  to  the  addition  of  charge  compensating  zinc  vacancy- 
chlorine  complexes  and  isolated  chlorine  point  defects,  which  are  acceptor  and  donor 
defects,  respectively,  and  the  reduction  of  zinc  vacancy  deep  hole  traps.  It  is  postulated 
that  there  is  sufficient  electron  multiplication  or  donor  ionization  to  create  a situation  in 
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which  the  current  limit  is  set  by  the  phosphor  resistance  rather  than  a eapaeitance  or 
density  of  states. 

Thin  film  Zn2Ge04:Mn  phosphor  layers  were  evaluated  as  green-emitting 
ACTFEL  devices.  Devices  with  Zn2Ge04:Mn  magnetron  sputter  deposited  films 
exhibited  brightness  and  effieieney  values  of  74  cd/m^  and  0.19  Im/W,  respectively  at  40 
V above  threshold  and  60  Hz.  Poor  outeoupling  efficiency  suggests  an  internal  effieieney 
that  is  much  higher.  Optical  spectroscopy  reveals  efficient  eharge  transfer  from  the 
lattice  and  a 6 1 5 meV  sub-band  gap  defect  state  to  the  Mn^^  ion.  Unique  transient  optical 
and  electrical  behavior  under  EL  excitation  is  observed.  A phenomenological  model  is 
presented  to  explain  the  behavior.  The  unique  aspeets  of  the  model  include  a resistance- 
capacitance  limit  on  charge  injection,  efficient  eharge  injection  for  only  one  polarity, 
abnormally  large  spaee  eharge  density  for  one  polarity  that  allows  efficient  electron-hole 
pair  reeombination  in  low  electric  field  regions,  and  near-resonant  energy  transfer  to  and 
from  the  Mn^"^  excited  state. 
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CHAPTER  1 
INTRODUCTION 


Emissive  flat  panel  technologies  have  long  been  sought  after,  initially  for  the 
purposes  of  distributed  lighting  and  “TV-on-a-wall”  applications.  While  neither  of  these 
applications  has  been  realized  to  an  appreciable  extent,  the  flat  panel  display  industry 
now  accounts  for  45%  of  the  total  display  market.  This  percentage  is  expected  to 
increase  to  63%  of  a >$100  billion  market  by  the  year  2005  [1].  Enabling  technologies 
such  as  portable  electronics  and  communications  have  made  flat  panels  pervasive  in  the 
everyday  lives  of  people  in  developed  nations.  For  many  people  the  thought  of  flat  panel 
displays  brings  to  mind  the  notebook  computer,  which  is  a market  dominated  by  the 
liquid  crystal  display,  but  for  comparison  this  market  is  projected  to  be  ~$10  billion  by 
the  year  2002  [2].  It  is  clear  that  there  are  numerous  markets  that  could  allow 
competition  from  developing  flat  panel  technologies. 

The  alternating-current  thin-film  electroluminescent  (ACTFEL)  display  has  found 
niche  market  applications  which  rely  on  the  thermal  and  mechanical  robustness  of  the 
displays,  as  well  as  their  wide  viewing  angle  and  excellent  contrast  ratio.  The  power 
consumption  of  these  displays  is  higher  than  desired  for  portable  electronics.  However 
the  single  largest  limitation  for  the  technology  is  the  lack  of  a full-color,  red-green-blue 
(RGB)  product.  Recent  developments  in  blue-emitting  ACTFEL  phosphors  have  brought 
the  technology  closer  than  ever  to  overcoming  this  limitation.  However  there  is  still  a 


1 


2 


need  for  improved  performance  in  terms  of  both  efficiency  and  stability  for  the  red-  and 
green-emitting  components. 

Chapter  2 will  present  a background  of  ACTFEL  devices  as  well  as  a general 
overview  of  the  current  understanding  of  their  operation.  In  Chapter  3,  results  will  be 
presented  which  show  a dramatic  improvement  in  the  performance  of  planar  RF 
magnetron  sputter  deposited  ZnS:Mn  ACTFEL  devices  by  ex-situ  doping  with  KCl. 
Evidence  will  be  presented  in  this  chapter  which  shows  that  this  improvement  results 
from  a modified  space  charge  distribution  in  the  phosphor  layer  which  leads  to  improved 
excitation  efficiency.  In  Chapter  4 an  investigation  into  the  potential  of  green-emitting 
Zn2Ge04;Mn  as  the  active  layer  in  ACTFEL  devices.  Zn2Ge04:Mn  will  be  shown  to 
exhibit  poorer  performance  than  the  best  green-emitting  phosphors,  but  research 
suggested  in  future  work  could  dramatically  improve  such  devices.  In  addition,  some 
insight  is  given  to  the  unique  electro-optic  properties  of  Zn2Ge04:Mn  based  devices.  In 
chapter  5 conclusions  will  be  presented  and  in  Chapter  6 suggestions  for  future  work  will 
be  discussed. 


CHAPTER  2 
LITERATURE  REVIEW 


2,1  Introduction 

Electroluminescence  is  by  definition,  the  nonthermal  generation  of  light  resulting 
from  the  application  of  an  electric  field  to  a substance  [3],  usually  a semiconductor. 

There  are  two  predominant  and  distinct  methods  by  which  this  is  achieved,  both  of  which 
are  technologically  important  and  both  of  which  are  referred  to  as  electroluminescence. 
One  involves  the  excitation  of  a luminescent  center  by  ballistic  electrons  transported 
through  an  inorganic  host.  Following  the  practice  of  the  display  community  [4],  this  is 
the  process  referred  to  as  electroluminescence  throughout  this  dissertation.  The  other 
involves  forward  biasing  of  a p-n  junction  resulting  in  recombination  of  electron-hole 
pairs,  or  the  excitation  of  a luminescent  center  by  energy  transfer  from  an  electron-hole 
pair  recombination.  This  technique  is  used  in  both  inorganic  semiconductor-based  light- 
emitting  diodes  (LED’s)  and  diode  lasers,  as  well  as  organic  devices  known  as  either 
organic  LED  s (OLED  s)  or  as  organic  electroluminescence  (OEL).  These  devices  are 
not  discussed  in  this  dissertation. 

A brief  discussion  of  the  historical  development  of  electronic  displays  is  given  as 
well  as  an  overview  of  flat-panel  display  technology.  An  introduction  to  the  development 
of  electroluminescence  (EL)  technology  and  alternating-current  thin  film  EL  (ACTFEL) 
devices  also  is  given.  This  is  followed  by  a review  of  the  device  structures  used  for  EL 
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devices  and  the  physical  processes  involved  in  their  operation.  The  materials  selection 
criteria  and  critical  processing  issues  also  are  covered.  The  electrical  and  optical 
techniques  used  to  characterize  ACTFEL  devices  are  discussed.  A background  on  the 
current  understanding  of  ZnS-based  devices  is  presented,  and  the  use  of  co-dopants 
(those  other  than  the  activator  dopant)  to  enhance  device  performance  will  be  discussed. 
Finally  a review  of  the  use  of  oxide-based  phosphors  is  given. 

While  a review  is  given  here  of  electroluminescent  materials  and  processes, 
several  excellent  reviews  of  electroluminescent  technology  are  also  available,  and  the 
reader  is  referred  to  them  as  well  [3-5]. 

2.2  History  of  Electronic  Displays 

A display  is  “an  electronic  component  or  subsystem  used  to  convert  electrical 
signals  into  visual  imagery  in  real  time  suitable  for  direct  interpretation  by  a human 
observer”  [4].  The  fundamental  technologies  involved  in  displays  date  back  as  far  as  the 
17  century,  when  Casciorolo  of  Bologna,  Italy  observed  the  first  phosphor,  or 
luminescent  solid,  in  1603,  and  gas  discharge  emission  was  observed  by  Jean  Picard  in 
Paris,  France  in  1675.  In  1869  John  William  Hittorf  in  Munster,  Germany  first  observed 
cathode-based  emission  from  the  wall  of  a glow  lamp,  and  the  first  observable  cathode 
ray  was  seen  in  the  “Crookes  Tube”  by  Sir  William  Crookes  in  London,  some  time 
between  1875  and  1879  [4,  6]. 

The  use  of  electronic  displays  for  information  content  began  with  the 
development  of  the  cathode-ray  tube  (CRT).  The  invention  of  the  CRT  itself  is  attributed 
to  Karl  Ferdinand  Braun,  as  early  as  1896  or  1897  [4,  6].  The  “Braun  tube”  used  both 
deflection  of  the  electron  beam  and  excitation  of  a phosphor  screen.  This  is  thought  to  be 
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the  first  application  of  a device  for  display  purposes,  since  Braun  used  the  tube  to  monitor 
the  output  of  an  electrical  generator.  Although  the  first  demonstration  of  a working 
television  took  place  in  1927  by  Philo  T.  Farnsworth,  the  development  of  the  CRT  and  its 
application  to  display  was  a rather  slow  process.  A good  review  of  the  development  of 
the  CRT  is  given  by  Lyons  [7].  The  market  pull  for  developing  the  manufacturing 
technology  needed  for  widespread  application  of  the  CRT  was  radar,  initially  used 
primarily  for  military  applications  in  World  War  II.  It  was  not  until  the  1950s  and  60s 
that  mass  production  techniques  were  developed  for  the  color  CRT  [4].  Since  that  time 
the  CRT  has  become  the  leading  display  technology  both  economically  and  in  terms  of 
image  quality.  The  CRT  dominates  the  display  market  because  of  its  cost  and  familiarity, 
and  its  performance  excels  because  of  the  simplicity  of  scanning  and  good  chromaticity, 
resolution,  brightness,  and  contrast.  However  the  CRT  suffers  from  its  requirement  for 
high  voltages,  poor  power  efficiency,  and  is  inherently  restricted  by  size  and  weight 
factors  [8].  For  the  purpose  of  strength,  large  CRTs  must  use  a thick  glass  tube  making 
the  scaling  of  CRTs  beyond  ~35”  very  difficult.  In  addition  there  is  an  inherent  depth  to 
the  CRT  due  to  the  required  scanning  of  the  high  energy  electron  beam  (or  a cluster  of 
three  beams)  across  the  phosphor  screen. 

The  widespread  use  of  the  CRT  for  the  display  of  images  as  well  as  the  advent  of 
portable  electronics  led  to  interest  in  the  development  of  flat-panel  displays.  There  are  a 
number  of  economically  important  flat  panel  display  technologies,  and  several  others  still 
under  development.  Among  these  are  the  liquid  crystal  display  (LCD),  the  plasma 
display  panel  (PDF),  the  inorganic  light-emitting  diode  (LED),  the  organic  LED  (OLED) 
also  known  as  organic  electroluminescent  (OEL)  display,  the  field-emission  display 
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(FED),  the  laser  diode-based  display  (LD),  and  the  electroluminescent  (EL)  display.  The 
operation  of  all  but  the  EL  displays  are  not  covered  here,  and  the  reader  is  referred  to 
several  other  publications  that  discuss  them  [4,  6,  8,  9]. 

Since  research  into  flat  panel  technologies  began,  a primary  objective  for  much  of 
the  display  community  has  been  the  development  of  a “TV-on-a-wall.”  Today  billions  of 
dollars  of  annual  revenue  are  generated  by  systems  using  flat  panel  technologies,  and  yet 
the  wall-hanging  TV  remains  elusive.  Two  of  the  technologies,  PDFs  and  LCDs  are  just 
reaching  the  market  as  mass  produced  products  for  this  application,  though  it  is  clear  that 
neither  currently  meets  the  demanding  economic  and  performance  requirements  for  this 
application,  leaving  the  market  open  to  still-developing  technologies. 

2.3  History  of  EL  Technology 

The  first  reports  of  electroluminescence  are  often  attributed  to  a well  known  paper 
by  Destriau  in  1936.  However  the  first  observations  of  the  effect  of  electric  fields  on 
luminescence  were  reported  by  Gudden  and  Pohl  in  1920  [10].  They  discovered  that 
when  a ZnS:Cu  phoshor  is  insulated  from  the  electrodes,  an  applied  electric  field  of 
several  kV/cm  that  is  either  constant  or  alternating  temporarily  increases  the  luminescent 
intensity.  Soon  after  that,  electroluminescence  was  first  reported  by  Lossev  in  1923,  who 
observed  luminescence  from  near  the  electrodes  on  a silicon  carbide  crystal  detector  [11]. 
The  first  observation  of  electroluminescence  using  a device  that  resembles  modem 
powder  EL  cells  was  reported  by  Destriau  in  1936.  He  observed  light  emission  when  an 
electric  field  on  the  order  of  30  kV/cm  is  applied  to  a suspension  of  ZnSrCu  particles  in 
oil  [12-14].  Because  of  delays  caused  by  World  War  II,  skepticism  about  the  pure 
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electroluminescent  nature  of  his  results  remained  as  late  as  1950  [4].  Heinisch  gives  a 
good  review  of  this  early  work  on  electroluminescence  [15]. 

Interest  in  the  phenomenon  remained  low  until  the  1950s  when  GTE  Sylvania 
received  a patent  for  an  EL  powder  lamp.  At  this  time  the  devices  were  limited  to 
powder  phosphors  embedded  in  a dielectric  matrix.  Improved  EL  efficiencies  achieved 
in  the  1950s  and  1960s  created  much  enthusiasm  over  the  potential  to  reach  and  even 
improve  on  the  15  Im/W  efficiency  of  the  incandescent  bulb.  However  these  early 
devices  were  plagued  by  low  light  output  and  short  operating  lifetime,  in  addition  to  the 
high  voltage  control  circuitry  and  a rapid  deterioration  when  operated  above  room 
temperature  [16].  Even  though  AC  powder  EL  instrument  panels  were  used  in  seven 
different  functions  on  Apollo  and  LM  vehicles  for  NASA  [4],  most  research  in  the  field 
stopped  by  the  late  1960s  [6,  16].  However  progress  was  made  during  this  time  in  thin 
film  devices.  In  1961,  Soxman  et  al.  successfully  used  a ZnS:Mn  phosphor  with  a 
dielectric  to  demonstrate  AC  thin  film  electroluminescence.  They  produced  test  panels 
that  achieved  1700  cd/m  at  5 kHz,  were  the  first  to  show  that  a black  matrix  behind  the 
phosphor  layer  could  produce  a sunlight  readable  display  with  a brightness  of  just  85 
cd/m  , and  demonstrated  lifetimes  of  several  thousand  hours  [4].  Interest  was  renewed  in 
EL  information  displays  with  the  ground-breaking  presentation  of  high  brightness,  stable 
electroluminescence  in  a matrix-addressed  display  using  improved  dielectrics  with 
ZnS:Mn  phosphor  by  researchers  from  Sharp  in  1974  [17,  18].  In  1980  Tektronix  built  a 
prototype  computer  display  based  on  this  phosphor,  and  the  display  portion  of  the 
company  later  became  Planar  Systems,  Inc  [19].  In  1983  Sharp  began  industrial 
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production  of  monochrome  amber  panels,  and  was  followed  by  production  at  Planar 
Systems  one  year  later  [16]. 

Since  the  entry  to  commercial  markets,  interest  has  been  maintained  in  the 
research  of  thin  film  EL  phosphors.  The  primary  objectives  were  to  understand  the 
device  physics  and  processes;  to  improve  device  brightness,  stability,  and  efficiency;  and 
to  develop  primary  red-,  green-,  and  blue-emitting  phosphors  for  full-color  displays.  A 
summary  of  progress  in  color  phosphors  since  the  commercialization  of  EL  displays  is 
shown  in  Table  2-1. 


1992 

1993 

1993 

1994 


Color  thin-film  EL  devices  based  on  rare-earth  doped  ZnS(Okamoto) 

Blue  emission  from  SrS:Ce  thin-film  EL  device  (Barrow  et  al.) 

Multicolor  emission  from  CaS  and  SrS  based  thin-film  EL  (Tanaka  et  al.) 
Luminance  improvement  of  SrS:Ce  (Tanaka  et  al.) 

Prototype  multicolor  thin-film  EL  display  (Barrow  et  al.) 

Luminance  improvement  of  ZnS:Tb,F  by  sputtering  (Ohnishi  et  al.) 

White  emission  from  SrS:Ce,Eu  (Tanaka  et  al.) 

Prototype  full-color  thin-film  EL  display  (Barrow  et  al.) 

Multicolor  thin-film  EL  display  using  an  inverted,  patterned-color- filter  device 
structure  based  on  ZnSiMn  (Okibayashi  et  al.) 

Red/Green/Yellow  multicolor  EL  display  in  the  an  inverted,  pattemed-color- 
filter  device  structure  with  ZnS:Mn  phosphor  (Haaranen  et  al.) 

First  commercial  multicolor  (Red/GreenATellow)  thin-film  EL  display  panel  in 
EGA  format  (Cramer  et  al.) 

Bright  blue  emission  from  CaGa2S4:Ce  and  prototype  full-color  thin-film  EL 
display  (Barrow  et  al.) 

First  commercial  full-color  thin-film  EL  display  monitor  (Barrow  et  al.) 


2.4  EL  Device  Structures 
2.4. 1 Test  and  Monochrome  Structures 

There  are  several  frequently  used  device  structures  in  ACTFEL  technology. 
However  the  most  common  structures  have  several  important  characteristics  in  common. 
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First,  there  is  a thin  film  phosphor  layer  sandwiched  between  two  electrodes  capable  of 
providing  a high  electric  field  across  the  phosphor  layer.  Second,  there  is  one  (or  two) 
insulating,  or  dielectric,  layer(s)  that  prevent  DC  current  from  flowing  through  the 
device.  Thus  the  EL  stack  is  primarily  capacitive  in  nature.  And  third,  at  least  one  of  the 
two  electrodes  is  transparent  to  allow  light  to  escape  the  device  in  the  direction  of  the 
viewer.  (This  last  condition  is  not  true  for  specialized  edge-emitting  devices,  which  are 
not  intended  for  display  applications  [3].) 

The  most  common  structure  used  for  ACTFEL  devices  is  known  as  the 
“standard,”  MISIM  (metal-insulator-semiconductor-insulator-metal),  or  “full  stack” 
structure,  shown  schematically  in  Figure  2- la.  This  deviee  uses  a transparent  substrate, 
normally  glass,  and  a transparent  bottom  electrode  that  is  deposited  onto  the  glass.  This 
is  followed  by  deposition  of  a transparent  insulator,  the  phosphor  layer,  a second 
insulating  insulator,  and  finally  an  opaque  electrode.  Light  is  transmitted  through  the 
glass  in  the  direction  of  the  viewer.  The  rear  electrode  can  be  made  reflective  to  increase 
the  brightness  of  the  device,  and  a dark  layer  can  be  used  behind  the  phosphor  to  enhance 
contrast.  This  type  of  structure  has  several  advantages.  It  allows  the  use  of  glass 
substrates,  which  are  inexpensive  and  widely  available  in  any  size.  It  also  allows  for 
“self-healing”  of  pinhole  defects  when  aluminum  is  used  with  a proper  top  insulator. 

Self  healing  means  that  when  microscopic  shorts  occur  in  the  phosphor  they  do  not 
propagate  and  lead  to  a catastrophic  breakdown.  Instead,  the  breakdown  failure  is  limited 
to  a very  localized  region  due  to  the  rapid  fusing  of  the  aluminum  electrode  film  by  the 
sudden  current  flow  to  a short  eircuit. 


10 


Another  common  type  of  device  structure  is  known  as  the  “inverted”  structure, 
because  in  this  case  the  substrate  is  normally  (but  not  necessarily)  opaque  and  the  top 
insulator  transparent  [3].  The  light  leaves  the  top  of  the  device  toward  the  viewer.  There 
are  two  variations  on  such  a structure.  In  one  case  (Figure  2-lb)  the  substrate  acts  as  both 
the  support  structure  and  the  dielectric  layer  [20].  In  this  case  the  substrate  is  normally  a 
high  dielectric  constant  material  such  as  BaTi03.  Sometimes  a thin-film  dielectric  is 
deposited  on  top  of  the  substrate  for  planarization  before  deposition  of  the  phosphor 
layer.  The  bottom  electrode  is  deposited  on  the  opposite  side  of  the  substrate  as  the 
phosphor,  and  thus  the  substrate  is  part  of  the  device.  In  the  second  case,  shown  in 
Figure  2-lc,  the  bottom  electrode  is  deposited  on  top  of  the  substrate,  followed  by  a thick 
or  thin  film  dielectric  and  then  the  phosphor  layer  [21]. 

The  inverted  structure  has  several  advantages  relative  to  the  standard  structure 
shown  in  Figure  2- la.  Without  the  requirement  for  a transparent  substrate,  a substrate 
material  such  as  a ceramic  may  be  chosen  that  allows  higher  temperature  processing  than 
does  a glass  substrate.  This  is  often  beneficial  in  optimizing  the  microstructure  and 
subsequent  performance  of  the  phosphor  layer.  Another  benefit  of  the  inverted  structure 
involves  full-  or  multi-color  display  applications  when  filters  are  used.  Simple  organic 
filters  may  be  added  after  any  high  temperature  processing  steps,  as  opposed  to  the 
standard  structure  which  requires  that  the  filters  be  deposited  before  the  phosphor  layer. 
One  of  the  drawbacks  of  the  inverted  structure  is  the  loss  of  the  self-healing  failure 
mechanism  exhibited  by  A1  contacts,  since  a transparent  conductor  must  be  used  as  the 
top  electrode  rather  than  a metal. 
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Opaque  electrode 


Top  dielectric 

Bottom  dielectric 
Opaque  electrode 


Transparent  electrode 


(c) 


Opaque  electrode 


Figure  2-1.  Schematic  diagram  of  (a)  standard  device  structure,  (b)  inverted  structure  — 
dielectric  substrate,  (c)  inverted  structure  - thin  film  dielectric,  and  (d)  half-cell  structure. 
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The  final  type  of  device,  shown  in  Figure  2- Id,  is  normally  used  only  for  device 
testing.  This  device  is  known  as  the  “one  insulator”  or  “half  stack”  structure.  This  type 
of  device  can  be  similar  to  either  the  standard  or  the  inverted  structure,  but  lacks  one  of 
the  two  insulating  layers.  Normally  it  lacks  the  top  insulator,  which  saves  an  additional 
processing  step.  This  type  of  structure  has  the  advantage  of  ease  of  processing  and 
therefore  more  rapid  results.  However  it  normally  has  poorer  performance  in  terms  of 
brightness  and  stability  than  the  dual  insulating  structures,  and  is  primarily  used  for 
research  purposes. 

2.4.2  Multi-Color  and  Full-Color  Structures 

The  ultimate  goal  for  video  display  is  full  color  and  grayscale  capabilities.  There 
are  four  main  approaches  to  the  development  of  full  color  EL  displays  [3].  These  are 

1 . Stacked-phosphor  structure  (Figure  2-2a) 

2.  Patterned-phosphor  structure  (Figure  2-2b) 

3.  “Color-by- white”  filtered  structure  (Figure  2-2c) 

4.  Dual-substrate  structure 

A comprehensive  discussion  of  these  structures  and  list  of  references  is  given  by 


Ono  [3]. 
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Figure  2-2.  Device  structures  used  in  full-  and  multi-color  displays,  including  the  (a) 
stacked-phosphor  structure,  (b)  patterned-phosphor  structure,  and  (c)  broad  band 
phosphor  with  color  filters,  or  “color  by  white”  [3]. 


The  first  of  these  to  be  investigated  was  the  stacked-phosphor  structure.  This  type 
of  device  has  the  advantage  of  high  resolution,  because  there  is  no  spatial  separation  of 
the  three  subpixels.  In  addition,  the  only  lithographic  processes  required  are  similar  to 
the  electrode  patterning  steps  required  for  monochrome  devices.  The  primary 
disadvantages  are  the  loss  of  self-healing  breakdown  due  to  the  use  of  the  intermediate 
ITO  electrode  and  the  added  processing  steps. 

The  patterned  phosphor  approach  has  the  advantages  of  a simpler  drive  structure, 
being  identical  to  that  of  a monochrome  panel,  and  the  use  of  aluminum  electrodes  for 
self-healing  breakdown.  The  primary  disadvantages  are  more  complicated  processing 
because  of  the  required  masking  and  etching  steps,  and  a lower  areal  luminance  due  to 
the  reduced  fill  factor. 

The  color-by-white  approach  uses  a broad  band  phosphor  that  can  be  filtered  to 
obtain  red,  green,  and  blue  pixels.  This  approach  has  the  advantages  of  simple 
processing  as  only  one  phosphor  layer  is  used,  and  a simple  drive  structure.  In  addition. 
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if  an  inverted  structure  is  used,  then  inexpensive  organic  filters  similar  to  those  used  in 
LCDs  may  be  used.  The  primary  disadvantages  are  the  inherent  loss  in  efficiency  due  to 
the  filtering  of  the  broad  band  phosphor,  and  the  use  of  an  ITO  top  electrode  which 
eliminates  the  self-healing  breakdown  process. 

The  dual  substrate  approach  uses  independent  substrates  that  have  a two-  and  one- 
color  device  on  each,  which  are  then  sealed  together.  This  approach  combines  the 
processing  simplicity  of  a monochrome  panel  and  the  ability  to  use  independent  threshold 
voltages  for  each  substrate.  In  addition  each  half  can  be  tested  as  a complete  device, 
improving  manufacturing  yield.  However,  the  display  requires  two  complete  sets  of 
substrates  and  drivers,  therefore  increasing  costs  and  negating  the  general  advantage  of 
manufacturing  simplicity. 

2.5  Optical  and  Electrical  Characteristics  of  ACTFEL  Devices 

2.5.1  Optical  Performance 

2. 5. 1.1  Brightness  and  efficiency 

An  ACTFEL  device  is  operated  by  applying  high  voltage  pulses  of  alternating 
polarity.  Any  waveform  of  alternating  polarity  may  be  used,  including  sine  waves, 
triangle  waves,  square  pulses,  and  trapezoidal  pulses,  and  the  applied  voltage  is  specified 
as  the  maximum  voltage  per  pulse,  rather  than  the  RMS  value  [22].  Generally  there  is  a 
voltage  threshold  above  which  a significant  amount  of  light  is  produced.  The  brightness 
as  a function  of  voltage  is  known  as  a B-V  curve.  Devices  often  are  compared  by  the 
value  of  brightness  at  40  V above  this  threshold,  and  this  value  is  called  the  B40  value. 
Similarly,  efficiency  at  40  V above  threshold  is  known  as  E40.  The  data  are  plotted  either 
on  a linear  or  a semi-log  scale,  depending  on  the  information  of  interest.  Typical  data 
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from  a sputter  deposited  ZnS:Mn  device  are  shown  in  Figure  2-3.  These  data  were 
collected  using  a 40  ps  trapezoidal  waveform  at  60  Hz. 

There  are  three  common  methods  for  determining  the  threshold  voltage,  and  each 
has  advantages  and  disadvantages  versus  the  others.  The  first  two  are  shown  in  Figure  2- 
3.  One  common  definition  for  threshold  voltage  is  that  voltage  at  which  the  light  output 
reaches  a luminance  of  1 cd/m^  (Figure  2-3b).  This  method  has  the  advantage  of 
simplicity,  but  suffers  from  the  fact  that  the  luminance  values  are  scaled  according  to  the 
spectral  sensitivity  of  the  standard  observer.  This  means  that  in  general,  green  phosphors 
reach  this  threshold  at  a lower  proportion  of  their  normal  output  than  do  red  or  blue 
phosphors.  If  phosphors  emitting  the  three  primary  colors  are  held  at  this  threshold 
voltage  the  color  balance  would  not  be  neutral  (white).  In  addition,  the  variation  of  turn- 
on characteristics  for  different  samples  can  mean  that  the  large  slope  portion  of  the  B-V 
curve  could  occur  at  varying  voltages  above  the  1 cd/m^  threshold.  A second  method 
involves  finding  the  highest  slope  of  the  B-V  curve,  then  extrapolating  this  slope  back  to 
the  voltage  axis.  This  has  the  advantage  of  defining  the  portion  of  the  B-V  curve  relative 
to  the  voltage  at  which  rapid  tum-on  occurs.  However,  very  different  behaviors  can  take 
place  below  this  threshold  that  are  not  accounted  for  by  this  definition.  Finally,  electrical 
characteristics  are  often  used  to  define  threshold.  This  is  done  most  often  with  Q-V  and 
C-V  curves,  which  are  discussed  in  Section  2.8  [23].  The  electrical  tum-on  often 
corresponds  closely  with  the  optical  tum-on,  but  again  suffers  from  not  being  able  to 
compare  devices  with  different  tum-on  characteristics  adequately.  This  last  definition  of 
Vth  is  seldom  used,  and  is  not  of  as  much  interest  for  practical  display  applications 
because  it  is  not  defined  by  optical  characteristics. 


Brightness  (CdW)  Brightness  (Cd/m^) 
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Figure  2-3.  B-V  and  E-V  plots  showing  typical  behavior  for  ZnSrMn  ACTFEL  devices. 
The  same  data  are  shown  using  (a)  a linear  scale  and  the  extrapolation  method  for 
determining  Vth,  and  (b)  a log  scale  and  the  1 cd/m^  threshold  value  for  determining  Vth. 


Efficiency  (lumA/V) 
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2. 5. 1.2  Chromaticitv 

Quantitative  methods  for  evaluating  chromaticity,  colorimetries,  were  developed 
that  are  standard  to  the  entire  display  community.  These  methods  involve  relating  the 
spectral  distribution  of  the  phosphor  to  values  that  correspond  to  the  color  seen  by  an 
observer.  The  most  commonly  used  standard  is  that  established  by  the  1931  Commission 
Internationale  de  TEclairage  (CIE)  which  defines  chromaticity  using  three  values  (x,  y 
and  z CIE  coordinates)  that  can  be  plotted  on  a two-dimensional  graph  (CIE  diagram, 
since  z = 1 - x - y).  These  plots  offer  a convenient  quantitative  comparison  of  the  color  of 
different  phosphors  [9].  Under  the  additive  mixing  rule,  any  color  can  be  reproduced  by 
adding  the  three  primary  colors  (tristimulus  values).  The  1931  CIE  system  uses 
monochromatic  sources  as  the  primary  colors  for  blue  (k  = 435.8  nm),  green  (k  = 546.1 
nm),  and  red  (A,  = 700  nm).  The  R,G,  and  B tristimulus  curves  are  denoted  as  x,  y,  and  z, 
and  are  shown  in  Figure  2-4.  The  color  is  determined  by  calculating  X,Y,  and  Z values 
such  that 
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where  is  the  spectral  output  of  the  source,  k is  the  wavelength  and  Km  = 680  ImAV. 

The  chromatic  coordinates  are  found  from 

X 

X = 


X + Y + Z 
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Y 

y = 

X + Y + Z 

z 

X + Y + Z 


Because  x + y + z = 1,  and  because  the  tristimulus  function  fory(^)  is  equal  to  the 
spectral  response  of  the  standard  observer,  then  the  colorimetric  evaluation  can  be 
expressed  as  a brightness,  Y,  and  two  chromaticity  values  which  are  traditionally  x and  y. 


Figure  2-4.  Red  (x),  green  (y),  and  blue  (z)  tristimulus  curves  [9]. 


The  X and  y values  are  plotted  on  the  CIE  diagram,  shown  in  Figure  2-5.  The 
curved  perimeter  of  the  CIE  diagram,  which  spans  from  blue  to  red,  is  defined  by  single 
wavelengths  and  represent  completely  saturated  colors.  Any  broadening  of  the  emission 
spectrum  results  in  coordinates  inside  these  boundaries  and  towards  the  center  or  “white” 
region  of  the  diagram. 
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When  two  phosphors  are  plotted  on  this  diagram  any  chromaticity  on  the  line 
connecting  them  can  be  produced  by  a linear  combination  of  the  two  phosphors. 
Similarly,  any  three  phosphors  may  be  used  to  produce  any  color  contained  within  the 
area  defined  by  the  CIE  coordinates  of  the  phosphors.  Therefore  the  fullest  gamut  of 
colors  can  be  produced  by  using  red,  green,  and  blue  phosphors  that  are  as  saturated  as 
possible. 

2.5.2  Electrical  Behavior-Ideal  Circuit  Model 

Interpretation  of  the  electrical  characteristics  of  an  ACTFEL  device  is  aided  by 
considering  an  equivalent  circuit  model.  This  helps  to  explain  the  operation  of  the  device 
and  the  roles  of  the  various  components,  which  are  discussed  later.  Circuit  models  are 
discussed  in  more  detail  later,  but  for  now  a very  simple  equivalent  circuit  is  used. 

Below  threshold,  the  device  can  be  modeled  accurately  by  considering  the 
insulators  and  the  phosphor  layer  as  series  capacitors.  The  two  insulators  can  be 
combined  numerically  by  treating  them  as  series  capacitors  and  can  be  considered  as  a 
single  ideal  capacitor.  At  a certain  threshold  voltage,  rapid  tum-on  occurs  where  a real 
current  flows  through  the  phosphor  layer,  sometimes  called  the  conduction  or  dissipative 
current  (as  opposed  to  the  charging  current  which  charges  the  capacitors  and  is 
discharged  on  removal  of  the  applied  voltage).  In  an  ideal  device,  the  dissipative  current 
is  stored  until  an  opposing  pulse  is  applied  and  the  current  flows  in  the  opposite  direction. 
Following  the  procedure  used  by  Ono  [3],  the  device  can  be  modeled  as  a circuit  (Figure 
2-6)  where  the  phosphor  layer  is  modeled  as  a parallel  capacitor  and  nonlinear  resistor. 
The  nonlinear  resistor  has  the  characteristics  shown  below  the  circuit  in  Figure  2-6.  The 
nonlinear  resistor  often  is  modeled  as  a set  of  back-to-back  Zener  diodes. 
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Figure  2-5.  1931  Commision  de  L’Eclariage  chromaticity  diagram. 
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Figure  2-6.  Equivalent  circuit  for  an  ACTFEL  device  showing  the  current-voltage 
characteristics  of  the  non-linear  resistor  [3]. 


The  derivation  of  the  following  characteristics  is  given  in  more  detail  by  Ono  [3], 
but  results  of  the  circuit  analysis  are  presented  here.  Below  threshold,  the  applied  voltage 
is  capacitively  divided  by  the  phosphor  and  the  insulators  giving 
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where  is  the  applied  voltage  and  F/  and  Fp  are  the  voltages  aeross  the  insulators  and 
the  phosphor  layer,  respectively.  C/  and  Cp  are  the  insulator  and  phosphor  capacitance, 
respectively. 

Above  threshold,  the  resistive  portion  of  the  phosphor  circuit  allows  current  to 
flow  (condcution  current)  until  the  voltage  across  the  phosphor  returns  to  threshold.  At 
the  same  time  the  conduction  current  must  be  balanced  by  capacitive  current  which  will 
charge  the  insulating  capacitors  to  maintain  the  overall  voltage  across  the  device.  So  the 
final  voltages  above  threshold  are 
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Here  the  concept  of  field  clamping  is  apparent.  The  phosphor  layer  in  this  simple 
equivalent  circuit  model  is  maintained  at  the  threshold  voltage  regardless  of  the  applied 
voltage.  The  amount  of  dissipative  charge  through  the  phosphor  required  to  maintain  the 
applied  external  voltage  is 


Q‘"=2C,(V,-V„)  (2-5) 

and  the  interface  charge  density  at  the  end  of  a pulse  is  half  this  value.  (The  circuit 
model  represents  a perfectly  symmetric  device.  The  other  half  of  the  transferred  charge 
neutralized  the  previous  interface  charge.)  Using  this  value  for  transferred  charge  along 
with  the  voltage  transferred  from  the  phosphor  to  the  insulators,  the  power  consumption 
density  is  found  to  be 

(2-6) 


where /is  the  drive  frequency. 
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2.6  Device  Physics 

A basic  requirement  for  electroluminescence  to  occur  is  that  an  electric  field  be 
applied  to  a luminescent  material  with  suffieient  strength  to  generate  charge  carriers 
whieh  can  impact  excite  or  impact  ionize  a luminescent  center.  Impact  excitation  and 
impact  ionization  are  differentiated  by  the  valence  state  of  the  impurity  after  impaet  [24]. 
Impact  excitation  does  not  change  the  valence  of  the  impurity  but  rather  rearranges  the 
eleetrons  to  a higher  energy  configuration.  Impact  ionization  of  defects  results  from 
delocalization  of  a valence  electron  into  a continuum  state,  such  as  the  eonduction  band, 
and  leaves  an  ionized  center.  This  center  is  then  free  to  recombine  with  a free  electron. 
For  example,  in  ZnS  a Mn^"^  ion  is  typically  excited  by  direet  impact,  while  in  CaS  a Eu^"^ 
ion  is  thought  to  be  ionized  and  then  later  brought  back  to  its  ground  state  after  a 
radiative  recombination  with  a free  electron  [24].  Impact  ionization  of  the  lattice  ean  also 
occur  resulting  in  generation  of  an  eleetron-hole  pair. 

The  physieal  processes  of  electroluminescence  ean  be  broken  down  into  several 
steps,  namely:  (1)  injection  of  electrons  into  the  eonduction  band,  (2)  acceleration  of  a 
fraction  of  the  electrons  to  ballistic  energies  due  to  the  applied  field,  (3)  impact  excitation 
of  the  luminescent  centers  by  electrons  with  sufficient  energy,  (4)  radiative  relaxation  of 
the  centers  (in  competition  with  non-radiative  relaxation),  and  (5)  outeoupling  of  the 
generated  photons.  An  additional  process  which  can  occur  is  (3b)  impact  ionization  of 
the  lattice  or  of  defects  by  electrons.  These  processes  are  shown  in  their  simplest  form  in 
Figure  2-7.  In  the  following  sections,  these  processes  will  be  discussed  individually  in 


more  detail. 
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Figure  2-7.  Schematic  energy  band  diagram  of  the  MISIM  type  EL  structure  and  the 
mechanisms  leading  to  electroluminescence.  Numbered  processes  refer  to  those 
described  in  the  text. 


2.6.1  Tunnel  Injection  of  Electrons 

The  source  for  charge  carriers  under  steady  state  operation  is  generally  accepted 
as  being  primarily  from  interface  states  for  ZnS:Mn  devices,  even  though  it  has  been 
shown  that  a sufficient  amount  of  native  defect  traps  exist  throughout  the  ZnS  film  to 
explain  the  conduction  current  [24].  The  most  convincing  evidence  for  dominance  by 
interface  states  comes  from  the  significant  variation  in  device  performance  depending  on 
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the  type  of  dielectric  that  is  used,  even  if  the  layer  capacitance  is  not  changed.  The  depth 
and  concentration  of  available  interface  states  has  been  shown  to  change  significantly 
when  the  dielectric  was  changed  [25],  When  the  local  electric  field  at  the  cathode 
reaches  a threshold  level,  charge  injection  takes  place.  This  threshold  field,  however,  is 
not  necessarily  the  average  field  that  is  measured  externally,  as  will  be  discussed  later. 
Among  the  possible  mechanisms  responsible  for  injection  of  electrons  into  the 
conduction  band  are  thermionic  emission,  pure  tunneling,  and  phonon-assisted  tunneling 
[26].  These  mechanisms  are  shown  in  Figure  2-8.  Thermionic  emission  occurs  when  the 
electron  obtains  sufficient  thermal  energy  to  surmount  the  potential  barrier.  Pure 
tunneling  results  when  the  potential  barrier  width  decreases  due  to  the  electric  field  to  the 
extent  that  efficient  quantum  tunneling  can  occur.  Phonon-assisted  tunneling  is  a 
combination  of  the  two,  where  phonon  interactions  allows  efficient  tunneling. 


Figure  2-8.  Emission  mechanisms  for  an  electron  trap  [26]. 
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Analytical  expressions  for  these  mechanisms  are  given  in  the  literature  [26-29]. 
The  rate  of  thermionic  emission  from  a discrete  state  is  given  by  the  expression; 


^thermal  \j  „„„ 


kT 


where  cris  the  capture  cross  section,  v,h  is  the  thermal  velocity,  Nc  is  the  conduction  band 
density  of  states,  k is  Boltzmann’s  constant,  T is  the  absolute  temperature,  and  £„  is  the 
interface  trap  depth.  A£'„  is  the  coulombic  barrier  lowering,  given  by: 
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where  q is  the  electronic  charge,  and  fp  is  the  electric  field  in  the  phosphor.  The 
expression  for  the  emission  rate  from  pure  tunneling  is 
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where  m refers  to  the  electron  effective  mass  and  ti  is  Planck’s  constant.  The  emission 
rate  due  to  phonon-assisted  tuimeling  is  given  by: 
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For  trap  depths  of  1.5  eV  and  room  temperature,  the  dominant  injection 
mechanism  is  pure  tunneling  [26].  It  has  been  suggested  that  since  the  device  current  has 
a temperature  dependence,  the  mechanism  must  be  thermally  assisted  [30].  However  it 
has  been  shown  recently  that  other  factors,  such  as  the  temperature  dependence  of  the 
trapping  efficiency  of  deep  hole  traps,  can  also  influence  device  current  [26]. 
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2.6.2  Charge  Transport 

The  characteristics  of  high  field  transport  in  ACTFEL  devices  have  been  the 
subject  of  considerable  debate.  Most  of  the  attention  has  been  paid  to  ZnS  as  the 
phosphor  host  material.  A critical  issue  is  the  efficiency  with  which  charge  carriers  are 
able  to  gain  sufficient  energy  to  impact  excite  the  luminescent  centers  without  loss  to 
mechanisms  such  as  optical  phonon  or  intervalley  scattering.  To  date  it  seems  that  there 
is  no  consensus  that  accurate  results  have  been  obtained.  Band  structure  calculations  on 
ZnS  and  SrS  have  shown  that  impact  ionization  due  to  holes  should  be  a weak  process  in 
ZnS  and  nonexistent  in  SrS  and  therefore  most  attention  has  been  paid  to  electron 
processes  [31]. 

Two  methods  have  been  used  to  calculate  the  characteristics  of  high  field 
electronic  transport  in  ZnS.  The  goal  of  the  calculations  is  to  determine  the  fraction  of 
electrons  that  are  able  to  excite  luminescent  centers.  One  involves  the  use  of  band 
structure  calculations  and  Monte  Carlo  simulations,  in  which  independent  probabilities 
for  scattering  events  are  used  to  determine  the  fate  of  a large  number  of  carriers.  The 
second  technique  is  the  lucky-drift  transport  model.  This  is  an  analytical  model  in  which 
the  mean  free  path  for  electrons  is  analyzed  with  respect  to  scattering  events. 

A study  by  Mach  and  Mueller  [32]  employed  a Monte  Carlo  simulation  approach 
that  assumed  a parabolic  conduction  band  and  a primary  loss  mechanism  of  longitudinal- 
optical  (LO)  phonon  emission.  The  result  was  that  at  a field  of  ~1  MV/cm  ballistic,  or 
nearly  loss-free,  acceleration  was  predicted.  This  was  said  to  explain  the  avalanche 
breakdown  observed  in  ZnS  ACTFEL  devices.  It  was  also  the  basis  for  the  assumption 
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that  all  electrons  are  hot,  which  was  used  in  some  of  the  other  theories  related  to  device 
efficiency  that  are  discussed  in  Chapter  3. 

Very  different  results  were  found  in  a study  by  Dur  et  al.  [33]  that  employed  an 
ensemble  Monte  Carlo  method  including  a nonlocal  band  structure,  full-band  impact 
ionization  rates,  and  a simplified  model  for  impact  excitation  of  Mn^^  impuritues  adapted 
from  Bringuier  [34].  The  results  showed  that  the  onset  of  impact  excitation  in  ZnS:Mn 
occurs  at  a field  of  about  1 MV/cm,  consistent  with  the  experimental  threshold  [35], 
Above  this  threshold  the  impact  excitation  rate  was  found  to  increase  nearly  linearly  with 
electric  field.  The  impact  excitation  threshold  was  about  the  same  as  that  for  impact 
ionization  of  the  ZnS  host.  The  quantitative  value  of  the  mean  free  path  for  impact 
excitation  was  found  to  depend  strongly  on  the  electron-phonon  coupling  constants,  and 
these  are  not  well  known.  The  quantitative  impact  ionization  rates  calculated  using  this 
model  were  found  to  agree  fairly  well  with  the  experimental  values  measured  by 
Thompson  and  Allen  [31,  36]. 

A simpler  approach  was  taken  by  Bringuier  [37],  who  employed  a lucky-drift 
approach.  He  made  that  argument  that  the  full-band  Monte  Carlo  approach  may  be  more 
accurate,  but  given  the  lack  of  certainty  in  some  physical  parameters  of  II- VI  compounds 
and  the  poor  crystallinity  in  ACTFEL  devices,  the  lucky-drift  approach  should  suffice  to 
highlight  the  important  factors  in  device  operation.  The  lucky-drift  approach  is  an 
extension  of  the  original  theory  given  by  Baraff  [38].  In  this  theory  two  transport  modes 
are  considered.  One  is  ballistic  transport,  which  is  collision-free.  The  other  is  the  drift 
mode,  which  occurs  after  the  electron  has  had  one  collision,  which  increases  the 
probability  of  subsequent  collisions. 
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Bringuier  has  compared  the  results  of  the  lucky-drift  approach  to  two  different 
band  structure  approaches.  The  fraction  of  electrons  beyond  2.12  eV,  the  energy  needed 
to  impact  excite  Mn  , at  fields  of  1 MV/cm  and  2 MV/cm  for  each  of  the  models  is 
shown  in  Table  2-2  [24]. 

Hot  electron  luminescence  experiments  using  undoped  ZnS  deviees  by  Douglas  et 
al.  [39]  showed  that  a significant  number  of  electrons  achieve  energies  of  at  least  3.7  eV. 
The  results  are  not  quantitative,  but  qualitatively  support  the  modeling  efforts  diseussed 
above. 


Table  2-2.  Fraction  of  electrons  beyond  2.12  eV  in  ZnS  at  300K  for  F=1  or  2 MV/cm, 
according  to  different  models  [24].  


Brennan  [40] 

Bringuier  [37] 

Bhattacharyya  [41] 

Calculation 

Numerical 

Analytieal 

Numerieal 

Parameters 

Empirical 
pseudopotential 
band  structure 

Mean-free  path 

Nonparabolic 
multivalley  band 
structure 

P(2.21  eV)  at 
F=1  MV/em 

~1% 

27% 

26% 

P(2.21  eV)  at 
F=2  MV/cm 

-50% 

72% 

65% 

2.6.3  hnpact  excitation  and  ionization 

Once  the  conduction  electrons  reach  sufficient  energy,  there  are  several  excitation 
mechanisms  that  are  possible  in  ACTFEL  devices.  The  mechanism  discussed  most  often 
in  reference  to  ACTFEL  devices  is  direct  impact  excitation.  This  is  believed  to  be  the 
primary  process  involved  in  excitation  in  ZnS:Mn  devices  [24].  The  energy  threshold  for 
this  process  is  essentially  the  transition  energy  for  the  luminescent  center  [37].  The 
probability  for  this  proeess  is  determined  by  the  impact  cross  section  of  the  luminescent 
eenter.  The  average  impact  length  for  an  electron  is  found  from  //=(fyN)'‘  where  ct  is  the 
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impact  cross  section  in  cm^  and  N is  the  concentration  of  eenters  in  cm'^  This  has  been 
estimated  experimentally  by  Mach  and  Mueller  to  be  4.0  x 10''^  cm^  (±20%)  for  Mn^""  in 
ZnS,  whieh  is  near  the  value  of  the  ionic  cross  section  [42].  Efforts  to  calculate  this  value 
considering  both  direet  and  exehange  paths  (only  the  latter  being  appropriate  for  Mn^^  in 
ZnS)  had  a very  different  result  of  ~10  '*  cm^,  but  in  this  case  the  authors  note  that  the 
effort  was  only  a preliminary  one  [34]. 

Another  exeitation  process  is  impact  ionization  followed  by  electron  recapture 
and  radiative  relaxation.  This  is  believed  to  be  the  dominant  process  involved  in 
excitation  of  Eu  in  CaS.  The  theory  is  that  the  exeited  state  is  too  close  to  the 
conduction  band  and  under  high  fields  the  center  is  ionized.  At  a later  time  an  electron  is 
recaptured  by  Coulombie  attraction  to  the  ionized  eenter  and  radiative  relaxation  may 
take  place.  Two  implications  of  this  process  are  that  ionization  of  the  lumineseent  center 
results  in  an  additional  eonduction  electron  and  a modification  of  the  eleetric  field 
because  of  the  fixed  positive  eharge  left  in  the  lattiee.  This  has  been  shown  to  have 
signifieant  effeets  in  the  operation  of  SrS:Ce  devices,  in  which  impact  ionization  of  Ce^^ 
ions  takes  place  [26]. 

There  may  be  other  indirect  excitation  mechanisms,  such  as  energy  transfer  from 
eleetron-hole  pairs  to  luminescent  eenters  [24].  This  has  been  suggested  to  aceount  for 
excitation  of  Tb  . However,  Bringuier  has  suggested  that  the  experimental  approaches 
often  used  to  make  this  assignment  require  significant  care  be  taken,  and  the  results  may 
not  be  as  straightforward  as  they  seem. 

Direct  impact  ionization  of  the  lattice  can  occur  if  electrons  reach  sufficient 
energy.  The  energy  threshold  is  normally  thought  to  be  either  the  bandgap  of  the  host 
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material  [33, 40]  or  1.5x  this  value  [43],  Diir  et  al.  found  that  impact  ionization  was 
required  to  achieve  realistic  results  for  modeling  of  electron  transport  in  ZnS,  and  they 
were  able  to  get  reasonable  agreement  with  the  ionization  rates  found  experimentally  by 
Thompson  and  Allen  [31,  33,  36].  The  ionization  function  is  generally  written 


where  otp  is  the  ionization  rate  in  cm  ',  is  the  electric  field,  Fg  is  a characteristic  field 
scale,  El  is  an  effective  ionization  energy,  and  n=l,2,...[43]. 

2.6.4  Radiative  decay 

When  an  impurity  center  is  in  an  excited  state,  that  energy  will  eventually  be 
dissipated.  The  relaxation  process  can  occur  by  either  a)  emission  of  a photon,  b)  non- 
radiative  relaxation,  which  can  be  in  the  form  of  emission  of  one  or  more  phonons  to  the 
lattice.  Auger  processes,  etc.,  or  c)  energy  transfer  to  another  center.  For  application  to 
displays,  it  is  desirable  to  maximize  the  first  process  and  to  minimize  the  second.  The 
third  case  in  different  situations  can  be  useful  or  harmful  [44]. 

For  a simple  two-level  system,  the  rate  of  return  from  an  excited  state  to  the 
ground  state  is  given  by 


where  Ne  is  the  number  of  luminescent  ions  in  the  excited  state,  t is  the  time,  and  Peg  is 
the  probability  for  spontaneous  emission  from  the  excited  to  the  ground  state.  Integration 
yields 
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N,(t)  = N,(0)exp 


V y 


where  xr  (-Peg  ')  is  the  radiative  decay  time,  and  exponential  decay  of  intensity  results 
[44]. 


An  excited  ion  in  a solid  is  not  only  coupled  to  electromagnetic  vibrations,  but 
also  to  lattice  vibrations  and  can  therefore  relax  through  the  emission  of  phonons.  The 
probability  of  this  process,  P’eg,  leads  to  the  two-level  rate  equation 


dN, 

dt 


= _N  p _ N P' 

^e^eg 


eg 


and  the  fraction  of  excited  ions  decaying  radiatively  is 


/ = 


eg 


P -hP' 

eg  ^ eg 


<1. 


Because  P’eg  often  has  an  Arrhenius  dependence  on  temperature,  the  decrease  of f with 
temperature  is  known  as  thermal  quenching  [24]. 

The  assessment  of  radiative  decay  becomes  more  complicated  when  considering 
energy  transfer  from  an  excited  ion  to  another  site  such  as  an  unexcited  similar  ion.  It  has 
been  shown  that  in  ZnS:Mn  devices  where  the  concentration  of  Mn  is  >0.1  mol%,  as  is 
the  case  for  practical  ZnSiMn  ACTFEL  devices,  the  decay  behavior  becomes  non- 
exponential [45].  The  most  common  way  of  explaining  the  decay  behavior  is  by 
replacing  the  constant  relaxation  probability  in  the  two-level  differential  equation  such 
that 


dN, 


-NeA:(t) 


dt 
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where  ^(t)  is  a decreasing  function  of  time  representing  nonradiative  decay  channels 
associated  with  neighboring  unexcited  Mn^^  [24].  The  situation  is  further  complicated  at 
high  excitation  levels  where  “bimolecular”  relaxation  processes  can  occur.  Now  the 
differential  equation  is  no  longer  a linear  one  and  takes  the  form 


This  equation  describes  a situation  in  which  interaction  between  neighboring  excited 


interaction  [24]. 

2.6.5  Optical  outcoupling 

For  a useful  device  generated  photons  must  escape  the  device  in  the  direction  of 
the  viewer,  so  the  concept  of  internal  reflection  must  be  considered.  The  standard  device 
consists  of  a stack  of  dielectric  layers  with  the  light  generated  inside  the  phosphor  layer. 
Typically  the  phosphor  layer  has  the  highest  index  of  refraction  in  the  stack,  and  all 
layers  have  a higher  index  of  refraction  than  air.  Assuming  a smooth  film,  some  portion 
of  the  light  is  internally  reflected.  Figure  2-9  shows  some  of  the  scattering  processes  that 
can  take  place  inside  the  device  [3].  This  can  be  seen  empirically  when  observing  such  a 
device  by  the  significant  portion  of  light  that  escapes  from  the  edges  of  the  glass.  The 
extent  of  internal  reflection  can  be  estimated  [3,  42]  by  assuming  just  the  phosphor  layer 
(for  ZnS  n=2.4),  and  that  light  is  reflected  from  the  metal  electrode  by 


^ = -N,/t,(t)-Nf^,(t). 
dt 


2+  • 

Mn  ions  results  in  less  than  two  photons  being  emitted,  referred  to  as  excited  state 
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The  optical  outcoupling  efficiency  can  be  improved  by  increasing  the  surface 
roughness  and  thereby  reducing  internal  reflection.  It  has  been  shown  that  a rough  surface 
can  increase  outcoupling  by  more  than  an  order  of  magnitude  [46],  However,  too  rough  a 
surface  can  reduce  contrast  because  of  increased  diffuse  scattering  [3]. 


Figure  2-9.  Schematic  representation  of  internal  reflection  in  a ZnS:Mn  ACTFEL 
device[3]. 


2.7  ACTFEL  Materials 

The  requirements  and  critical  characteristics  for  the  materials  used  in  ACTFEL 
devices  are  discussed  below. 

2.7.1  Substrates 

For  the  standard  device  structure,  the  primary  requirements  for  the  substrate  are 
transparency,  smooth  surface,  and  the  ability  to  withstand  thermal  treatments  required  by 
subsequent  layers.  It  is  also  desirable  that  the  material  be  inexpensive.  For  these  reasons 
the  most  common  substrate  material  is  Coming  7059  soda-lime-silicate  glass.  This  is  an 
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alkali-free,  barium  borosilicate  glass  often  used  as  LCD  substrates  [47].  It  has  a 
softening  temperature  of  ~600°C  and  large  panels  can  undergo  rapid  thermal  anneals 
(RTAs)  of  up  to  650°C  without  significant  damage  or  warping  [48].  For  research 
purposes  small  samples  of  ~2”  x 2”  in  size  may  be  subjected  to  RTAs  up  to  ~850°C 
without  significant  damage.  In  addition  Coming  7059  is  alkali-free  to  prevent  migration 
of  such  species  into  the  device.  Soda  lime  glass  has  been  used  with  a diffusion  harrier  to 
alkali  metals  [3].  For  higher  temperatures  glass-ceramics  are  available  which  meet  the 
substrate  requirements,  but  these  materials  are  expensive  and  not  economically  viable 
substrate  materials  for  commercial  applications. 

The  requirements  for  the  inverted  stmcture  devices  are  a smooth  surface  and  the 
ability  to  meet  the  thermal  considerations  for  processing  of  subsequent  layers.  For  the 
inverted  structure  in  Figure  2-lb  the  substrate  acts  as  part  of  the  device,  comprising  the 
bottom  insulator,  and  electrical  properties  must  be  considered.  These  are  discussed  in 
the  following  section.  For  devices  with  the  stmcture  in  Figure  2- 1(c),  in  which  the 
bottom  electrode  is  deposited  on  top  of  the  substrate,  alumina  substrates  have  been  used 
[21].  For  active  matrix  applications,  the  on/off  state  of  the  pixels  are  controlled  by 
transistors  located  underneath  each  pixel,  and  the  silicon-based  IC  array  is  used  as  the 
substrate  [3]. 

2.7.2  Transparent  Electrodes 

For  the  standard  device  stmcture  the  first  layer  deposited  onto  the  glass  substrate 
is  the  transparent  conductor.  This  layer  has  three  critical  materials  requirements.  First  it 
must  be  sufficiently  conductive  to  not  affect  the  RC  time  constant  of  the  device.  Second, 
it  must  be  as  transparent  as  possible  in  the  spectral  region  of  the  emission  from  the  device 
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to  minimize  absorption  and/or  color  perturbation.  Finally  it  must  withstand  the  thermal 
processing  of  subsequent  layers.  The  material  most  commonly  used  for  this  application 
is  indium-tm-oxide  (ITO)  [3].  This  is  normally  an  alloy  of  90  wt%  In203  and  5-10  wt% 
Sn02  sometimes  doped  with  F.  It  has  been  deposited  by  pulsed-laser  deposition,  e-beam 
evaporation,  DC  magnetron  sputtering,  RF  magnetron  sputtering,  plasma  ion-assisted 
deposition,  spray  pyrolysis,  chemical  vapor  deposition,  and  atomic  layer  deposition  [3, 
49-58].  ITO  thicknesses  of  200  nm  are  typical,  and  good  transparency  (>90%)  can  be 
obtained  with  a resistivity  of  ~1  x 10"^  Q-cm,  providing  a sheet  resistance  of  ~5  Q/D.  In 
addition,  ITO  is  easily  patterned  with  standard  photolithography  and  wet  or  dry  etching. 

Care  must  be  taken  when  using  ITO  as  an  electrode.  The  primary  cause  for  high 
conductivity  in  ITO  is  oxygen  deficiencies,  since  oxygen  vacancies  act  as  shallow  donors 
which  are  efficiently  ionized  at  room  temperature  [57].  The  concentration  of  oxygen 
vacancies  can  be  affected  by  annealing  at  high  temperatures.  It  is  important  to  choose 
neighboring  layers  (substrate  and  bottom  insulator)  that  do  not  interact  significantly  with 
the  ITO  layer  during  subsequent  thermal  processing. 

Another  transparent  conductor  commonly  used  in  inverted  structure  devices  is 
ZnO:Al  [20],  but  CdSnOs  ^d  undoped  ZnO  have  been  used  as  well  [3]. 

2.7.3  Opaque  Electrodes 

For  the  standard  structure,  the  requirements  for  the  opaque  electrode  are  not 
stringent  because  it  is  the  last  layer  deposited.  The  layer  must  have  sufficient 
conductivity,  which  for  most  common  metals  is  far  better  than  that  of  the  transparent 
electrode,  and  good  adhesion  to  the  top  insulator  is  also  critical.  The  most  common 
material  for  several  reasons  is  aluminum.  First,  it  is  inexpensive  and  easily  deposited  by 
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evaporation  or  sputtering.  Second,  it  has  a low  melting  temperature.  Third,  it  exhibits 
desirable  wetting  characteristics  to  many  common  insulator  materials,  and  this  provides 
the  possibility  for  self-healing  breakdown  by  fusing  of  the  metal  surrounding  a short. 

The  typical  thickness  for  this  layer  is  100-200  nm.  One  tradeoff  to  be  considered  for  A1 
as  an  electrode  is  its  high  reflectivity,  which  enhances  brightness  but  reduces  the  contrast 
in  a display.  The  problem  has  been  effectively  dealt  with  by  adding  either  a dark  layer 
above  the  phosphor  or  by  adding  a circular  polarizer,  which  eliminates  specular  reflection 
[3].  Both  of  these  techniques  reduce  the  brightness  of  the  device. 

For  inverted  structures  in  which  the  electrode  is  deposited  on  the  bottom  of  the 
substrate,  again  aluminum  is  commonly  used  since  conductivity,  cost,  and  ease  of 
processing  are  the  major  concerns.  However  for  the  other  type  of  inverted  structure  in 
which  the  opaque  electrode  is  deposited  below  the  rest  of  the  EL  device,  the  additional 
requirement  for  thermal  stability  is  added.  Au,  Mo,  Ta,  and  W are  candidates  for  this 
type  of  structure. 

2.7.4  Insulators 

The  insulating  layers  of  an  ACTFEL  device  are  an  integral  part  of  the  capacitive 
nature  of  the  device,  as  seen  in  the  equivalent  circuit  model  in  section  2.5.2.  The  bottom 
insulator  undergoes  the  same  thermal  processing  as  the  phosphor  layer  and  therefore  must 
have  thermal  stability  and  chemical  compatibility  with  the  bottom  electrode  and  phosphor 
layer  in  addition  to  good  adhesion.  The  most  important  electrical  requirements  are  that 
the  insulators  prevent  current  flow  through  the  device  and  withstand  electrical  breakdown 
under  fields  used  in  the  device,  usually  up  to  2 MV/cm.  In  addition  the  characteristics  of 
the  phosphor-insulator  interface  have  been  shown  to  affect  the  depth  and  concentration  of 
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interface  states  [25]  and  therefore  significantly  influences  the  device  performance.  The 
critical  properties  for  reliable,  efficient  performance  are  as  follows  [3]: 

1 . High  dielectric  constant,  CoSr 

2.  High  dielectric  breakdown  electric  field,  Fbd 

3.  Small  number  of  pinholes  and  defects 

4.  Good  adhesion 

5.  Small  loss  factor,  tan5 

8o  and  Sr  are  the  dielectric  constant  of  vacuum  and  the  relative  dielectric  constant  of  the 
layer,  respectively.  tan5  is  a measure  of  the  dissipative  characteristics  of  the  capacitor 
and  is  equal  to  l/(27ifCR),  where  f is  the  frequency,  C is  the  capacitance,  and  R is  the 
resistance  of  the  insulating  layer. 

In  order  to  optimize  the  insulating  layers  for  device  efficiency,  it  is  useful  to 
revisit  the  electrical  behavior  using  the  relationships  presented  in  section  2.5.2.  First, 
equations  2-1  and  2-2  show  that  the  proportion  of  the  voltage  which  is  across  the 
phosphor  rather  than  the  insulators  is  governed  by  the  relative  capacitance  of  the 
phosphor  and  insulating  layers.  To  maximize  the  portion  of  the  applied  voltage  dropped 
across  the  phosphor  layer,  the  capacitance  of  the  insulators  should  be  maximized  while 
that  of  the  phosphor  is  minimized.  The  insulator  and  phosphor  capacitances  are 
determined  by  the  equation 

C = ^ 2-6 

t 

where  t is  the  layer  thickness.  It  is  apparent  that  to  optimize  the  insulator  capacitance, 
either  the  dielectric  constant  should  be  maximized  as  noted  in  the  above  list  of  attributes. 
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or  the  layer  thickness  should  decrease.  Indeed  it  is  useful  to  minimize  the  insulator 
thickness  in  a device.  However  a lower  limit  on  thickness  is  set  by  two  factors.  The  first 
is  the  third  attribute  in  the  list  of  characteristics,  namely  a small  number  of  defects  and 
pinholes.  The  thinner  the  insulating  layer  the  larger  the  probability  of  having  defects  and 
pinholes  in  the  film.  This  is  primarily  a processing  issue  and  careful  process  control  can 
minimize  the  problem.  The  second  limitation  is  the  breakdown  electric  field  strength,  also 
noted  in  the  above  list.  It  was  shown  in  Equations  2-3  and  2-4  that  the  voltage  across  the 
insulating  layers  increases  more  rapidly  above  threshold  in  devices  which  exhibit  field 
clamping  in  the  phosphor  layer.  Different  materials  may  be  used  to  maximize  the 
dielectric  constant,  and  a figure  of  merit  has  been  used  which  is  the  product  of  the 
dielectric  constant  and  the  electric  field  breakdown  strength.  Generally  speaking  it  has 
been  observed  that  materials  with  a higher  dielectric  constant  have  a small  breakdown 
strength,  and  vice  versa.  In  addition,  the  high  dielectric  constant  materials  tend  to  have  a 
propagating  breakdown  characteristic,  meaning  that  small  defects  lead  to  catastrophic 
failure.  Table  2-3  gives  a list  of  critical  properties  for  materials  that  have  been  used  as 
dielectric  layers  in  ACTFEL  devices. 

2.7.5  Phosphor  Laver 

The  phosphor  layer  materials  consists  of  a host  material  and  a luminescent  center. 


each  discussed  below. 
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Table  2-3.  List  of  insulators  used  in  ACTFEL  devices  with  values  for  the  properties  of 
interest  fSI. 


Insulator 

Deposition 

Method* 

Er 

Fed 

[MV/cm] 

EoEfF  BD 

[pC/cm^l 

Breakdown 

Mode** 

Si02 

Sputtering 

4 

6 

2 

SHB 

SiOxNy 

Sputtering 

6 

7 

4 

SHB 

SiOxNy 

PCVD 

6 

7 

4 

SHB 

Si3N4 

Sputtering 

8 

6-8 

4-6 

SHB 

AI2O3 

Sputtering 

8 

5 

3.5 

SHB 

AI2O3 

ALE 

8 

8 

6 

SHB 

SiAlON 

Sputtering 

8 

8-9 

4-6 

SHB 

Y2O3 

Sputtering 

12 

3-5 

3-5 

SHB 

Y2O3 

EBE 

12 

3-5 

3-5 

SHB 

BaTi03 

Sputtering 

14 

3.3 

4 

SHB 

Sm203 

EBE 

15 

2-4 

3-5 

SHB 

HfD2 

Sputtering 

16 

0.17-4 

0.3-6 

SHB 

Ta205-Ti02 

ALE 

20 

7 

12 

SHB 

BaTa206 

Sputtering 

22 

3.5 

7 

SHB 

Ta20s 

Sputtering 

23-25 

1.5-3 

3-7 

SHB 

PbNb206 

Sputtering 

41 

1.5 

5 

SHB 

Ti02 

ALE 

60 

0.2 

1 

PB 

Sr(Zr,Ti)03 

Sputtering 

100 

3 

26 

PB 

SrTi03 

Sputtering 

140 

1.5-2 

19-25 

PB 

PBTi03 

Sputtering 

150 

0.5 

7 

PB 

BaTi03**** 

Press/sinter 

5000 

? 

? 

9 

Westaim 

proprietary*** 

Press/sinter 

1700 

? 

? 

? 

*PCVD  - plasma-assisted  chemical  vapor  deposition;  ALE  - atomic  layer  epitaxy;  EBE  - 
electron-beam  evaporation 


*SHB  self-healing  breakdown  mode;  PB  — propagating  breakdown  mode 
***ceramic  substrate,  inverted  structure 
****Ref[20] 


2.7. 5.1  Host  material 

Among  the  critical  properties  for  the  host  materials  are  the  following  [3]; 

1.  Band  gap  must  be  sufficiently  large  to  allow  emission  Irom  the  luminescent  center 
without  significant  absorption.  For  complete  visible  transmission  this  requires  a band 
gap  of  at  least  ~3.1  eV. 
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2.  Host  must  be  non-conducting  below  threshold.  This  is  required  for  a voltage  drop 
and  subsequent  electric  field  across  the  phosphor  layer,  leading  to  the  sub-threshold 
capacitive  nature  of  the  phosphor. 

3.  Host  must  allow  for  efficient  acceleration  of  electrons.  This  requires  that  the 
breakdown  field  of  the  phosphor  must  be  at  least  1 MV/cm.  In  addition,  the  host 
should  have  good  crystallinity  and  a low  phonon  coupling  coefficient  (Frolich’s 
constant)  to  minimize  electron  scattering.  A more  detailed  discussion  of  the  high 
field  transport  properties  was  given  in  Section  2.6.2. 

4.  Host  must  provide  a suitable  substitutional  lattice  site  for  the  luminescent  center. 

This  will  be  discussed  in  more  detail  in  Section  2.7.S.3. 

These  requirements  have  historically  been  met  best  by  sulfur-based  compounds, 
especially  ZnS,  SrS,  CaS,  SrGa2S4,  and  CaGa2S4  [5,  19,  59,  60].  The  ZnS  system  and 
investigations  of  oxide-based  phosphors  will  be  treated  in  more  detail  in  Sections  2.9  and 
2. 10,  respectively.  A summary  of  the  properties  of  the  sulfides  is  given  in  Table  2-4. 


Table  2-4.  Proper 


Property 

Ilb-VIb 

Ila-VIb 

Thiogallate 

Compound 

ZnS 

CaS 

SrS 

CaGa2S4 

SrGa2S4 

BaGa2S4 

Melting  Pt.  (°C) 

180-1900 

2400 

>2000 

1150 

1200 

1200 

Band  Gap  (eV) 
Transition  Type 

3.6 

Direct 

4.4 

Indirect 

4.3 

Indirect 

4.2 

4.4 

4.1 

Crystal 

Structure* 

ZB,W 

Rock  salt 

Rock  salt 

Orth. 

Orth. 

Cubic 

Lattice  constant 

(A) 

5.409 

5.697 

6.019 

a=20.09 

b=20.09 

c=12.11 

a=20.84 

b=20.49 

c=12.21 

12.66 

Dielectric  const, 
lonicity 

8.3 

0.623 

9.3 

>0.785 

9.4 

>0.785 

15 

14 

15 
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2.1.52  Luminescent  centers 

The  spectral  properties,  and  to  a large  extent  the  temporal  properties,  of  optical 
emission  are  primarily  influenced  by  the  activator  impurity  in  the  phosphor.  There  are 
two  types  of  luminescent  centers  commonly  used  in  phosphor  applications.  In  many 
lamp  and  CRT  phosphors,  luminescence  results  from  recombination  of  electrons  and 
holes  trapped  in  deep  donor  and  deep  acceptor  levels,  respectively.  The  most  common 
examples  of  this  type  of  phosphor  are  based  on  a ZnS  host,  with  some  combination  of 
Ag,  Cu,  Au,  Al,  and  Cl  added  as  the  acceptor  and  donor  impurities  to  tailor  the  spectral 
properties  and  efficiency.  The  maximum  recombination  energy  is  determined  by  the  band 
gap  energy  of  the  host,  the  trap  depths,  and  the  exciton  binding  energy.  This  class  of 
luminescent  center  is  not  used  in  ACTFEL  devices  because  the  electron-hole  pairs  are 
unstable  under  high  fields  and  the  luminescence  is  effectively  quenched  [3,  4]. 

The  second  t>pe  of  center  is  a localized  transition  between  electronic  states  of  an 
isolated  dopant  ion.  This  dopant  ion  is  typically  either  a transition  metal  such  as  Mn^'", 
Cr^\  Ti'*^,  Cu^,  Ag^,  a rare  earth  ion  such  as  Eu^^,  Eu^^,  Ce^^,  Tb^^,  or  Tm^^,  or  an  s^ 
configuration  ion  such  as  Pb^"^,  or  Bi^'"[3,  44]. 

Without  going  into  a detailed  discussion  of  the  underlying  physics,  the  general  emission 
characteristics  of  these  ions  can  be  separated  into  several  categories  based  on  the 
electronic  configuration  of  the  ground  and  excited  states.  One  characteristic  of 
importance  in  terms  of  both  understanding  the  luminescent  process  and  for  application  to 
displays  is  the  radiative  decay  time.  The  mathematical  description  of  decay  behavior  for 
a two-level  system  was  described  in  Section  2.6.4.  The  decay  time  is  determined 
primarily  by  two  selection  rules  related  to  the  electronic  configuration  of  the  ground  and 
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excited  states,  as  well  as  the  surroundings  of  the  ion  [44].  One  of  these  selection  rules  is 
referred  to  as  the  parity  selection  rule,  which  forbids  transitions  between  levels  of  the 
same  parity,  i.e.  transitions  within  the  d shell,  within  the shell,  or  between  the  d shell 
and  s shell  are  forbidden.  The  other  selection  rule  is  the  spin  selection  rule,  which  forbids 
transitions  between  configurations  with  different  spin  states.  Forbidden  transitions  have 
longer  decay  times  [44]. 

The  transition  metal  ions  mentioned  above  all  have  a d'  valence  configuration, 
and  emission  spectra  are  all  characteristic  of  intra-shell  d-d  transitions.  They  are 
therefore  all  forbidden  by  the  parity  selection  rule  [44],  and  their  emission  is  usually 
broad  band  (although  Cr^^  can  exhibit  line  emission  in  some  instances).  Therefore  decay 
times  for  the  transition  metals  can  be  in  the  range  of  1 00  ps  to  several  ms,  depending  on 
the  spin  selection  rule  and  symmetry.  Another  general  characteristic  of  the  transition 
metal  activators  is  that  because  the  transitions  originate  in  the  valence  f/-shell,  they  are 
strongly  influenced  by  the  crystal  field  and  ligand  fields  of  the  host. 

There  are  two  very  different  types  of  transitions  observed  for  rare  earth  ions.  The 
first  is  observed  in  Ce  and  Eu^  in  which  the  ground  state  configurations  have  a Af 
valence.  The  excited  states  have  one  or  more  electrons  promoted  to  the  5d  orbital. 
Therefore  the  parity  selection  rule  is  not  in  effect.  This  means  that  the  decay  times  can 
range  from  tens  of  ns  for  Ce  , which  is  spin  allowed,  to  several  ps  for  Eu^^,  which  is 
spin  forbidden  [44,  61].  The  5^/  excited  state  is  strongly  affected  by  the  surroundings  and 
symmetry  of  the  ion,  such  that  Ce^^  emission  can  range  from  near-UV  to  green  [44], 
while  that  of  Eu^"'  can  range  from  near-UV  [44]  to  red  [59]  depending  on  the  host. 
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The  second  type  of  rare  earth  transition  is  an  intra-shell  4/-4/ transition  [44,  61]. 
This  type  of  transition  is  seen  in  Eu^'',  Tb^"",  and  most  other  trivalent  rare  earths.  The 
transitions  are  all  parity  forbidden  and  have  decay  times  typically  of  several  ms.  The 
spectra  are  characterized  by  line  transitions,  and  are  insensitive  to  the  surroundings  and 
symmetry  of  the  ion  since  the  4f  electrons  are  shielded  by  the  6s  orbital. 

The  excitation  cross-section  of  the  luminescent  center,  cr,  is  discussed  frequently 
in  the  literature  [3,  5,  16,  24,  37,  42,  62,  63].  This  value  relates  the  concentration  of  the 
centers  to  the  mean  free  path  for  excitation  through  the  simple  relation 

= o-N 

where  N is  the  concentration  of  centers  and  /,  is  the  impact  length.  Some  groups  have 
directly  measured  the  value  for  cr  of  Mn^  in  ZnS  by  measuring  the  efficiency  and 
calculating  the  value  from  other  known  parameters  [42].  The  resulting  value  was  similar 
to  the  physical  ionic  cross  section.  However,  other  efforts  to  predict  impact  cross 
sections  for  Mn^  and  other  ions  have  shown  that  this  is  an  extremely  difficult  task  and 
accurate  values  are  elusive  [34],  thereby  impeding  the  ability  to  predict  device  efficiency. 
It  is  reported  in  the  literature  that  it  is  desirable  to  have  a large  luminescent  center  impact 
cross  section  for  good  device  efficiency,  however  there  is  not  much  practical  value  to  this 
statement  as  the  cross  section  has  only  been  determined  by  measuring  efficiency,  and  it  is 
an  intrinsic  property  of  the  atom. 

2. 7. 5. 3 Host-center  systems 

In  addition  to  considering  the  electrical  properties  and  processing  conditions  of 
the  host  and  the  luminescent  properties  of  the  center,  one  must  consider  the  compatibility 
and  interrelationships  between  the  two.  The  size  mismatch  of  the  activator  on  the  cation 
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site  is  important,  as  is  the  valence  match  (or  mismatch).  Listed  in  Table  2-5  are  the 
valence  and  ionic  radius  of  common  ACTFEL  host  cations  and  dopants.  Minimizing  the 
size  and  valence  mismatch  allows  the  incorporation  of  the  dopant  with  the  least 
concentration  of  induced  defects. 

The  most  commonly  used  and  best  performing  EL  phosphor  system  is  Mn-doped 
ZnS.  This  system  will  be  discussed  in  more  detail  in  Section  2.9.  This  phosphor  can  be 
filtered  to  obtain  both  green  and  red  emission.  To  complete  a full  color  display,  there  has 
been  a tremendous  amount  of  effort  devoted  to  the  development  of  a sufficiently  bright 
and  stable,  saturated  blue  phosphor.  Promising  results  were  obtained  for  SrS:Ce. 
However  the  blue-green  chromaticity  and  low  luminance  when  filters  are  used  were  the 
primary  limitations  for  this  phosphor  [5].  Nevertheless  full  color  displays  were 
developed  based  on  this  material.  Promising  results  were  also  obtained  for 
(Sr,Ca)Ga2S4:Ce,  which  had  superior  chromaticity,  but  lower  brightness  and  greater 
difficulty  in  deposition  and  processing  [5].  Recently  excellent  performance  has  been 
demonstrated  for  blue-emitting  SrS;Cu,Ag  [64,  65].  A list  of  results  obtained  for  sulfide- 
based  phosphors  is  given  in  Table  2-6.  More  details  regarding  these  phosphor  systems 
are  available  in  the  literature  [5].  Results  for  oxide-based  phosphors  are  discussed  in 
Section  2.10. 


2.8  Electrical  and  Optical  Device  Characterization 
Since  characterization  of  the  electrical  and  optical  properties  of  EL  materials  and 
devices  are  unique  and  not  widely  practiced,  they  will  be  discussed  in  this  review  of  the 


literature. 


46 


Table  2-5.  List  of  valence  and  ionic  radius  for  cations  commonly  used  in  ACTFEL  hosts, 


Ion 

Radius  fAl(CN) 

Ion 

Radius  (A)  (CN) 

Ion 

Radius  (A)  (CN) 

Zn'^ 

0.60  (4) 

Mn'^ 

0.66  (4) 

Tm'^ 

0.88  (6) 

Ca^^ 

1.00  (6) 

Ce^^ 

1.01  (6) 

Eu^^ 

0.95  (6) 

Sr'^ 

1.18(6) 

Cu^ 

0.77  (6) 

Eu^^ 

1.17(6) 

Ag" 

1.15(6) 

Cr^^ 

0.62  (6) 

Tb^^ 

0.92  (6) 

CN  = Coordination  number 


Table  2-6.  ACTFEL  phosphor  systems  and  device  performance  [3,  48]. 


Phosphor 

Color 

CIE  coordinates 

B40 

(cd/m^) 

E40 

(Im/W) 
1 kHz 

X 

Y 

60  Hz 

1 kHz 

ZnS:Mn 

Amber 

0.50 

0.50 

585* 

5000 

2-4 

ZnS;Sm,F 

Red-orange 

0.60 

0.38 

8 

120 

0.05 

ZnS:Sm,Cl 

Red 

0.64 

0.35 

12 

200 

0.08 

CaS:Eu 

Red 

0.68 

0.31 

12 

200 

0.05 

ZnS;Mn/filter 

Red 

0.65 

0.35 

75 

1250 

0.8 

SrSiEu 

Red 

0.60 

0.39 

31 

0.18** 

SrS:Eu,Cu 

Red 

0.60 

0.39 

91 

0.5** 

CaSSe:Eu 

Red 

0.66 

0.33 

25 

0.25** 

ZnS:Tb,0,F 

Green 

0.30 

0.60 

100 

1.0** 

ZnS:Tb,F 

Green 

0.30 

0.60 

125 

2100 

0.5-1.0 

ZnS:Mn/filter 

Yellow- 

0.47 

0.53 

160 

1.0** 

green 

ZnS:Tb 

Green 

0.30 

0.60 

90 

0.6 

CaS:Ce 

Green 

0.27 

0.52 

10 

150 

0.1 

SrS:Cu,Ag 

Blue 

0.15 

0.13 

20 

0.15** 

SrS:Cu,Ag 

Blue 

0.15 

0.21 

35 

0.23** 

SrS:Cu 

Blue 

0.16 

0.28 

52 

0.13** 

SrS:Ce/filter 

Green-blue 

0.13 

0.18 

26 

0.15** 

SrS:Ce 

Green-blue 

0.19 

0.38 

65 

900 

0.44 

ZnS/SrS;Ce 

Green-blue 

0.26 

0.47 

96 

1500 

1.3 

ZnS/SrS:Ce/fil 

Green-blue 

0.10 

0.26 

14 

220 

0.2 

ter 

(Sr,Ca)Ga2S4; 

Blue 

0.15 

0.15 

7 

0.02** 

Ce 

CaGa2S4:Ce 

Blue 

0.15 

0.19 

13 

210 

*This  work 
**60  Hz 
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The  electrical  characterization  of  an  ACTFEL  device  typically  involves 
measurement  of  instantaneous  external  current  or  charge  and  applied  voltage.  Various 
characteristics  of  the  device  are  then  obtained  by  manipulation  of  this  data.  One  of  the 
experimental  difficulties  is  the  separation  of  capacitive  current  and  conduction  current. 
There  are  two  common  approaches  to  measurement  of  the  underlying  data  with  this  in 
mind.  One  important  assumption  common  to  all  three  approaches  is  that  the  device 
capacitance  does  not  change  significantly  above  threshold. 

The  first  approach  for  separating  capacitive  and  conduction  current  involves  the 
use  of  a variable  capacitor  bridge  [16].  The  capacitor  is  balanced  below  threshold,  where 
there  is  a negligible  amount  of  conduction  current,  to  match  the  total  device  capacitance. 
Above  threshold  this  effectively  subtracts  the  equivalent  capacitive  current  of  the  device 
and  only  conduction  current  is  measured.  This  circuit  is  shown  schematically  in  Figure 
2-10.  The  applied  voltage  is  found  by 

V =V  - V 

and  the  conduction  current  is 


R 
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V3(t) 


Figure  2-10.  Schematic  diagram  of  circuit  used  to  measure  conduction  current  by 
balancing  the  bridge  below  threshold  [16], 


The  second  technique  employs  a Sawyer-Tower  circuit  that  uses  either  a sense 
resistor  or  a sense  capacitor  [23,  67]  to  measure  the  external  current  or  charge, 
respectively.  This  circuit  is  shown  in  Figure  2-11.  There  are  two  ways  in  which  this  type 
of  circuit  has  been  used  to  measure  conduction  current.  The  simplest  is  to  use  a 
triangular  waveform  or  a trapeziodal  waveform  with  a slow  voltage  slew  rate  [68-73]. 
Since  the  slew  rate  of  applied  voltage  is  small,  the  capacitive  current  is  also  small.  When 
threshold  is  reached  the  conduction  current  is  large  and  the  capacitive  current,  being 
constant,  can  be  easily  subtracted  out  by  zeroing  the  pre-threshold  baseline.  This 
technique  is  simple  and  very  useful  in  studying  device  physics,  but  has  the  disadvantage 
of  using  a waveform  different  from  that  used  in  commercial  devices.  Since  ACTFEL 
properties  can  change  with  waveform,  it  is  often  desirable  to  study  them  under  conditions 
used  in  commercial  displays. 
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Figure  2-11.  Schematic  diagram  of  circuit  used  to  measure  conduction  current  using  a 
Sawyer-Tower  bridge  [23]. 

A technique  which  has  been  extensively  developed  to  calculate  conduction 
current  from  the  Sawyer-Tower  circuit  using  standard  trapezoidal  waveforms  (as  well  as 
other  arbitrary  waveforms)  has  been  developed  by  Wager  et  al.,  and  a more  extensive 
review  of  this  approach  can  be  found  elsewhere  [23].  This  technique  uses  the 
instantaneous  values  for  external  voltage  and  current  or  charge  and,  assuming  the 
phosphor  and  insulator  to  be  ideal  electrical  components,  uses  simple  circuit  equations  to 
calculate  the  conduction  current  and  the  conduction  charge.  Some  of  the  basic 
relationships  are  given  below. 

The  applied  waveform  is  presented  in  Figure  2-12  using  a labeling  scheme 
common  in  the  literature  [23].  The  waveform  is  trapezoidal,  typically  with  a 5 ps  rise,  30 
ps  dwell,  and  5 ps  fall.  The  importance  of  all  labeled  points  in  Figure  2-12  are  self- 
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explanatory,  with  the  exception  of  points  B and  G,  which  correspond  to  the  voltage  at 
which  conduction  charge  becomes  significant. 


C D 


Figure  2-12.  Schematic  diagram  of  the  voltage  waveform  used  in  ACTFEL  device 
operation  and  characterization.  Important  features  are  labeled  and  discussed  in  the  text. 


The  applied  voltage  is  found  by 

When  using  a sense  resistor,  the  external  charge  is  simply  the  time  integrated 
current,  such  that 


i{t)  = 


VAt)-V,{t) 


= \i{t)dt 

0 

where  Rseries  is  the  series  resistance. 

If  using  a sense  capacitor,  these  values  are  determined  by 
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i(t)  = 


dqexM) 

dt 


where  Cs  is  the  sense  capacitance.  Both  J^apiO  either  i(t)  or  qextif)  data  are  normally 
centered  around  the  y-axis  before  further  analysis.  The  procedure  and  significance  of  this 
adjustment  is  discussed  in  the  literature  [74,  75]. 

One  of  the  common  analytical  techniques  for  the  characterization  of  ACTFEL 
devices  which  uses  the  above  information  is  known  as  external  charge-applied  voltage,  or 
Q-V , analysis.  The  Q-V  behavior  of  the  simple  equivalent  circuit  discussed  in  Section 
2.5.2  (and  shown  in  Figure  2-6)  is  shown  in  Figure  2-13.  However,  in  actual  devices 
using  a trapezoidal  waveform,  two  additional  features  are  observed.  Figure  2-14  shows 
schematically  the  behavior  typical  of  a ZnS;Mn  device,  sometimes  referred  to  as  an 
“ideal”  device.  The  A-J  labeling  scheme  from  Figure  2-12  is  included  in  Figure  2-14. 

The  conduction  charge  and  polarization  charge,  discussed  for  the  simplified  device,  are 
still  seen  in  Figure  2-12.  The  two  new  features  are  the  relaxation  charge  and  leakage 
charge.  Relaxation  charge  occurs  when  the  applied  voltage  reaches  its  maximum  value 
(or  near  maximum  value  in  a real  case)  and  reflects  current  which  flows  during  the  dwell, 
or  C-D  portion  of  the  waveform.  The  name  refers  to  the  fact  that  at  a constant  applied 
voltage,  conduction  charge  creates  an  opposing  electric  field  that  relaxes  the  field  across 
the  phosphor  layer.  The  leakage  charge  occurs  once  the  applied  voltage  reaches  zero  and 
refers  to  current  that  flows  in  the  opposite  direction  as  the  previous  pulse  due  to  the 
polarization  field  present  at  the  end  of  the  pulse. 
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Figure  2-13.  External  charge-voltage  (Q-V)  characteristics  of  the  ideal  circuit  shown  in 
Figure  2-2. 


Figure  2-14.  Schematic  diagram  of  the  Q-V  characteristics  of  an  ACTFEL  device. 
Letters  refer  to  the  labeling  scheme  in  Figure  2-12. 
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As  mentioned  previously,  the  value  of  interest  is  often  the  internal  or  conduction 
charge  and/or  current.  This  value  is  denoted  qin,{t),  or  just  q{t),  and  is  found  from 


where  Cj  and  Cp  are  the  phosphor  and  insulator  capacitances,  respectively.  It  is  important 
to  note  that  (1)  this  assumes  accurate  values  for  C|  and  Cp  are  known,  and  (2)  this 
analysis  (as  well  as  data  obtained  using  the  balanced  bridge  circuit)  assumes  that  the 
device  capacitance  does  not  change  above  threshold. 

Another  value  of  interest  is  the  phosphor  field, yp,  rather  than  just  the  applied 
voltage.  This  is  also  found  using  the  transferred  charge  and  applied  voltage  data  by  the 
relation 


where  dp  is  the  phosphor  thickness.  Note  that  the  determination  of  this  value  requires  the 
knowledge  of  accurate  values  for  the  phosphor  thickness  and  insulator  capacitance. 

The  internal  charge  plotted  against  phosphor  field  , or  Q-Fp,  can  be  used  to 
examine  various  properties  of  the  device  such  as  extent  of  field  clamping  and  field 
relaxation.  A schematic  Q-Fp  diagram  is  given  in  Figure  2-15,  which  shows  some  of  the 
values  that  can  be  obtained  from  this  type  of  plot.  Note  that  unlike  a Q-V  plot,  the  Q-Fp 
plot  occurs  in  a counterclockwise  fashion.  Also,  the  values  of  the  insulator  and  phosphor 
capacitance  are  often  used  as  parameters  to  obtain  the  most  “ideal”  shape,  meaning 
vertical  slopes  for  the  B-C  and  G-H  portions  of  the  curve  and  horizontal  slopes  for  the  D- 
E and  TJ  portions  of  the  curve.  One  interpretation  of  the  capacitance  adjustment  has 
been  that  a larger  capacitance  value  used  for  the  Q-Fp  plot  compared  to  the  physical 
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value,  which  is  calculated  from  the  layer  thickness  and  dielectric  constant,  refers  to  a 
larger  amount  of  space  charge  [76]. 


Another  type  of  electrical  analysis  commonly  used  to  characterize  ACTFEL 
devices  is  called  a dynamic  capacitance-voltage,  or  C-V  plot.  Using  the  same  or 
i {t)  data  and  Vap(t)  data  collected  under  steady  state  excitation,  the  dynamic  capacitance 
is  found  from  the  charge  or  current  data  by 


c(v)  = 


dv{t) 


or 
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c(v)  = 


m 

'dvjty ' 


A schematic  set  of  C-V  curves  is  shown  if  Figure  2-16  representing  3 different  values  of 
Vmax-  Below  threshold  the  capacitance  value  represents  the  total  device  capacitance  and 
there  is  usually  good  agreement  with  the  physical  value  calculated  from  the  layer 
thicknesses  and  dielectric  constants  [23].  In  the  simple  device  model  discussed  in 
Section  2.5.2  and  shown  in  Figure  2-6,  the  above  threshold  capacitance  would  equal  that 
of  the  insulators,  while  in  reality  there  are  three  possible  cases.  If  there  is  insufficient 
charge  to  shunt  the  phosphor  capacitance,  then  the  above  threshold  capacitance  value  will 
be  below  that  of  the  insulator  capacitance.  If  there  is  sufficient  charge  available  and  no 
dynamic  space  charge,  then  the  dynamic  capacitance  will  be  approximately  equal  to  the 
insulator  capacitance.  However,  if  there  is  dynamic  space  charge,  the  above  threshold  C- 
V behavior  will  saturate  to  a value  above  the  insulator  capacitance.  This  is  sometimes 
seen  by  a rapid  increase  in  capacitance  to  a large  value  followed  by  a decrease  to  a value 
greater  than  the  insulator  capacitance. 

Another  useful  tool  to  characterize  the  electrical  properties  of  an  ACTFEL  device 
is  a maximum  charge-maximum  voltage  analysis,  also  known  as  a Qmax-Vmax  or 
transferred  charge  capacitance  plot.  The  last  name  alludes  to  the  fact  that  the  units  for  the 
slope  of  a Qmax'Vmax  plot  are  Farads,  and  therefore  can  be  analyzed  in  the  context  of  the 
capacitive  nature  of  the  device.  This  type  of  plot  is  obtained  by  measuring  the  transferred 
charge  in  a device  for  a range  of  applied  maximum  voltages.  The  internal  charge  is  then 
determined  from  the  external  values  by  any  of  the  means  discussed  previously  and 
plotted  vs.  maximum  voltage.  The  behavior  of  the  ideal  circuit  in  Section  2.5.2  is  shown 


56 


schematically  in  Figure  2-17.  The  critical  issues  in  a Qmax-Vmax  plot  are  similar  to  the  C- 
V plot  in  that  the  above  threshold  capacitance  should  equal  the  insulator  capacitance  for 
an  ideal  device.  For  a case  in  which  there  is  insufficient  conduction  charge,  the  slope  is 
less  than  the  insulator  capacitance.  More  often  there  is  an  above  threshold  capacitance 
overshoot.  In  evaporated  ZnS:Mn  there  is  a higher  slope  just  above  threshold,  which  then 
saturates  to  the  approximately  the  insulator  capacitance.  On  the  other  hand  in  SrS:Ce  the 
above  threshold  slope  is  consistently  larger  than  the  insulator  capacitance,  as 
demonstrated  by  Wager  [23]. 


Figure  2-16.  Schematic  diagram  of  a C-V  plot  for  three  different  values  of  Vmax- 
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max 

Figure  2-17.  Schematic  diagram  of  Qmax-Vmax  plot  for  an  ideal  device. 

2.9  ZnS:Mn  as  an  ACTFRL  Phosphor 

As  discussed  in  Section  2.3,  the  ZnS:Mn  system  has  a long  history  in  ACTFEL 
devices,  and  is  still  the  most  efficient  ACTFEL  phosphor  known.  A review  is  given 
regarding  the  physical  nature  of  the  system  as  well  as  the  electrical  and  optical  properties 
of  the  phosphor  system.  A discussion  on  the  nature  of  intrinsic  and  extrinsic  point 
defects  in  ZnS  is  also  given. 

2.9.1  Physical  Properties 

A brief  review  of  the  physical  nature  of  the  ZnS  system  is  given  here,  and  has 
been  given  in  more  detail  by  Zhai  [77].  The  general  properties  of  the  compound  are 
given  in  Table  2-7.  The  compound  exists  at  room  temperature  in  two  different  crystal 
structures,  a stable  cubic  phase  (sphalerite)  and  a metastable  hexagonal  phase  (wurtzite). 
A ball  and  stick  model  for  (a)  a unit  cell  of  the  cubic  phase  is  shown  in  Figure  2-18,  along 
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with  (b)  a metal-centered  model  of  the  cubic  phase  showing  the  symmetry  of  the  cation 
site  doped  with  Mn.  The  two  phases  have  similar  properties  and,  importantly,  similar 
symmetry  for  both  the  cation  and  anion  sites. 


Table  2-7.  Physical  properties  of  ZnS  [661. 


Parameter 

Value 

Lattice  constant  (A) 

Mass  density  (g/cm^) 
Melting  Point  (K) 

Heat  of  Formation  (kJ/mol(300K)) 
Specific  Heat  (J/kg-K(300K)) 
Debye  Temperature  (K) 

Zincblende  Wurtzite 

5.409  a - 3.814;  c- 6.258 

4.08  4.1 

2100  2100 

477  -206 

472 
530 

• Mn  • S • Zn 


Figure  2-18.  (a)  Unit  cell  for  the  zincblende  structure,  and  (b)  metal-centered  cluster 
showing  symmetry  of  activator  for  ZnS;Mn. 
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The  phosphor  layer  in  ZnS:Mn  ACTFEL  devices  has  been  deposited  using  a 
variety  of  physical-  and  chemical- vapor  deposition  methods  including  electron  beam 
evaporation,  co-evaporation,  thermal  evaporation,  sputtering,  atomic  layer  deposition 
(ALD-often  referred  to  in  the  literature  as  ALE,  or  atomic  layer  epitaxy),  chemical  vapor 
deposition  (CVD),  and  metal-organic  chemical  vapor  deposition  (MOCVD)  [77], 

2.9.2  Optical  Properties 

Pure  cubic  ZnS  has  a bandgap  of  3. 6-3. 7 eV  (see  Table  2-7),  is  therefore 
transparent  throughout  the  visible  range,  and  has  an  index  of  refraction  of  2.4  [62,  66]. 

The  dominant  radiative  transition  seen  for  the  Mn^""  ion  is  the  “^Ti  ->  ^Ai 
transition,  which  is  a J ->  J transition  and  is  both  spin  and  parity  forbidden  [44].  Both 
the  zincblende  and  wurtzite  cation  sites  have  tetrahedral  symmetry  and  therefore  lack 
inversion  symmetry.  This  somewhat  relaxes  the  selection  rules,  and  the  resulting 
characteristic  exponential  decay  time  for  luminescence  from  Mn^^  in  cubic  ZnS  is 
reported  to  be  1.77  ms  [78]  while  that  of  hexagonal  symmetry  is  1.3  ms  [45].  While  this 
is  the  characteristic  time  for  radiative  decay,  the  actual  decay  behavior  of  useful  devices 
is  quite  different  as  is  discussed  below  in  Section  3.4.2.2.  Figure  2-19  shows  the  Tanabe- 
Sugano  diagram  for  the  energy  levels  of  the  configuration  for  octahedral  symmetry. 
This  diagram  shows  the  various  energy  levels  as  a function  of  crystal  field.  A,  and 
explains  some  of  the  optical  characteristics  of  the  Mn^""  transitions.  The  '*Ti  and  ^Ai 
levels  are  non-parallel  and  the  transition  energy  is  therefore  strongly  affected  by  the 
crystal  field.  The  emission  wavelength  in  ZnS  is  585  nm,  while  in  less  covalent  oxide 
compounds  such  as  Zu2Ge04  the  emission  wavelength  is  just  540  nm,  consistent  with  the 
Tanabe-Sugano  diagram. 
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A (10^  cnr^) 

Figure  2-19.  Simplified  Tanabe-Sugano  diagram  for  the  energy  levels  of  the 
configuration  in  divalent  manganese.  Some  energy  levels  are  omitted  for  clarity  [44]. 

2.9.3  Electrical  Properties 

The  interest  in  zinc  sulfide  as  a phosphor  host  is  partly  due  to  its  interesting 
combination  of  electrical  properties.  It  has  a moderately  large  direct  band  gap,  a small 
electron  effective  mass,  the  electron-optical  phonon  coupling  is  not  large  [36],  and  it  can 
be  doped  n-t>pe  with  a resistivity  as  low  as  0.2  Q-cm  [79].  Some  of  the  bulk  electrical 
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properties  of  ZnS  are  given  in  Table  2-8.  The  calculated  band  structure  for  cubic  ZnS  is 
shown  in  Figure  2-20  along  with  that  of  GaN  and  SrS  [31], 


Table  2-8.  Bulk  electrical  properties  of  ZnS  [36,  40,  41,  661. 

Parameter  Value 


Energy  band  gap  (eV) 

3.6-3.7 

Impact  ionization  threshold  energy  (eV) 

3.60* 

Polar  optical-phonon  energy  (eV) 

0.044 

Sound  velocity  (cm/s)  5.20  x 10^ 

Low-frequency  dielectric  constant 

8.32 

High-frequency  dielectric  constant 

3.60 

Electron  effective  mass,  m* 

0.27m 

Electron  mobility  (cm^/V-s) 

180 

Hole  mobility  (cm^/V-s) 

5 

Frohlich’s  constant,  a (electron-optical  phonon  coupling) 

0.6 

* This  value,  given  by  Brennan  [40],  is  close  to  that  given  by  Dur  [33]. 
approximate  this  value  as  (3/2)*Eg,  or  ~5.4  eV  [26,  43]. 

Other  sources 

2.9.4  Point  Defects  in  ZnS 

2.9.4. 1 Intrinsic  point  defects 


The  nature  and  concentration  of  intrinsic  defects  in  ZnS  has  been  a topic  of  much 
interest  because  of  the  influence  these  defects  can  have  on  the  optical  and  electrical 
properties  of  semiconductors.  One  complication  is  that  data  regarding  equilibrium 
intrinsic  defects  are  generally  not  valid  for  films  deposited  by  different  techniques,  under 
different  conditions,  or  onto  different  substrates.  In  addition,  identification  of  defects  and 
association  with  particular  electronic  levels  is  often  difficult  [80].  As  a binary 
compound,  the  types  of  intrinsic  defects  include  vacancies  and  interstitials  on  both  the 
cation  and  anion  sublattices.  Antisite  defects  are  expected  to  be  much  less  important  than 
in  III-V  compounds  because  of  the  larger  chemical  differences  between  the  constituents 
[81],  and  neither  antisites  nor  interstitials  have  been  definitively  observed  under  “normal” 
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conditions  [80].  Point  defects  play  an  important  role  in  II- VI  semiconductors  in  terms  of 
processing  and  diffusion  mechanisms.  They  can  also  play  a critical  role  in  determining 
the  electrical  properties  of  these  compounds.  Self-compensation,  such  as  the  role  of 
cation  vacancy  pairing  with  donors,  is  common  throughout  the  II- VI  compounds  [81]. 


>> 

U 


Figure  2-20.  Energy  band  structures  for  cubic  ZnS,  GaN,  and  SrS  calculated  using  exact 
exchange  (solid  curves)  and  empirical  pseudopotential  (dashed  curves)  methods  [31]. 


The  most  well-characterized  intrinsic  point  defect  in  ZnS  and  the  other  II- VI 
compounds  is  the  cation  vacancy.  The  doubly  ionized  Zn  vacancy  (Vzn^^)  is  reported  to 
create  a defect  level  ~1.0-1.1  eV  above  the  valence  band  in  ZnS  [82-84].  This  value  for 
Vzn  IS  close  to  the  hole  trap  depth  of  1 .2  eV  used  by  Hitt  et  al.  [26]  for  accurate 
simulation  of  ZnS  devices.  A singly  ionized  Vzn^  is  reported  to  create  a defect  depth  in 
the  range  of  0.2-0.6  eV  above  the  valence  band,  depending  on  the  author  [83,  84]. 
Electrical  characterization  of  ZnS:Mn  ACTFEL  devices  has  revealed  an  estimated 
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concentration  of  hole  traps  of  7 x lO'^  cm\  tentatively  attributed  to  Vz„  [85].  Positron 
lifetime  spectroscopy  has  revealed  that  for  ZnS  there  is  a concentration  of  low  to  mid 
10  cm'  for  divacancy  defects,  or  pairs  of  compensating  cation  and  anion  defects  [86]. 

There  is  less  information  regarding  the  electrical  nature  of  anion  vacancies  in  II- 
VI  compounds  [82,  87].  This  is  known  as  the  F-center  in  ZnS  [80].  Impurity  electro- 
absorption and  photoconductivity  measurements  of  Cl-doped  ZnS  by  Georgobiani 
revealed  acceptor  levels  0.515,  0.615,  and  1.08  eV  below  the  conduction  band,  but  these 
were  not  assigned  to  any  particular  defect  levels  [83].  A diagram  of  deep  levels 
measured  by  Georgobiani  is  shown  in  Figure  2-21. 

2.9.4.2  Extrinsic  point  defects 

Much  of  the  interest  in  defect  levels  in  ZnS  is  related  to  interest  in  II- VI 
compounds  for  optoelectronic  devices.  Many  of  these  efforts  were  attempts  to  increase 
the  n-  and  p-type  conductivity  of  extrinsically  doped  ZnS  and  other  II- VI  compounds  [79, 
81,  88-91].  Chlorine  as  an  anion  substitute  in  ZnS  has  been  shown  using 
photoconductivity  to  create  a donor  level  0.25  eV  below  the  conduction  band  [92],  which 
is  significantly  larger  than  the  Cl  donor  level  in  ZnSe  of  26  meV  [89]. 

During  ZnS:Cl  single  crystal  growth,  in  addition  to  the  Cls  donor  defect,  ionized 
acceptor  defects  appear  from  a self  eompensation  mechanism  [83].  The  induced 
compensating  defects  are  normally  Vzn  and  it  is  thought  that  besides  the  isolated 
vacancies,  Vzn-Cls  complexes  exist  [82-84].  This  type  of  complex  is  known  as  an  A- 
center,  and  was  first  postulated  for  ZnS  in  1956  by  Prener  and  Williams  [80].  There  is 
some  disagreement  in  the  literature  as  to  the  energy  levels  of  these  complexes.  Vlasenko 
et  al.  observed  a mid-gap  defect  1.8  eV  below  the  conduction  band,  which  they  attributed 
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to  a Vzn-Cls  complex  [84].  A value  of  0.95  eV  is  given  by  Neumark  [80].  To  the 
contrary,  Georgobiani  et  al.  attributed  an  acceptor  level  just  0.44  eV  above  the  valence 
band  to  the  Vzn-Cls  complex  [83].  The  interpretation  by  Georgobiani  et  al.  seems  more 
reasonable  for  several  reasons.  First,  there  is  general  agreement  that  the  doubly  ionized 
Vzn  lies  -1.0-1. 1 eV  above  the  valenee  band.  A defect  level  0.55-0.6  eV  above  the 
valence  band  was  assigned  by  Vlasenko  to  singly  ionized  Vzn^.  It  was  assigned  to  an 
observed  level  0.2  above  the  valence  band  by  Georgobiani  in  agreement  with  the  known 
relation  that  Evzn^^  = 5Evzn^-  hi  either  case  it  would  be  surprising  that  a singly  ionized 
Vzn-Cls  complex  would  lie  deeper  than  the  doubly  ionized  Vzn^^.  To  support  this  idea, 
the  eompensation  mechanism  for  ZnSeiN  has  been  attributed  to  a singly  ionized  Vse-Zn- 
Nse  complex  with  a shallow  donor  level  of  44  meV  [88].  Another  piece  of  evidence 
supporting  the  results  of  Georgobiani  is  that  the  Vzn-Cls  complex  in  ZnSe  is  assigned  to 
be  just  0.35  eV  above  the  valence  band  [80].  One  possible  explanation  for  the 
discrepaney  is  that  the  defect  level  -0.3  eV  above  the  valence  band  found  by  Vlasenko 
and  attributed  to  Mnzn°  is  actually  the  singly  ionized  Vzn^,  while  the  level  0.55  eV  from 
the  valence  band  and  assigned  to  singly  ionized  Vzn^  is  actually  the  Vzn-Cls  complex. 

Little  has  been  reported  regarding  the  defect  levels  of  extrinsic  acceptors  in  ZnS, 
as  this  material  has  been  found  experimentally  to  be  not  p-dopable  [90]. 

2.9.5  Alkali  Halide  Doping  of  ZnS:Mn  ACTFEL  Devices 

Combining  ZnS  phosphors  with  alkali  metals  and/or  halide  cations  has  been 
known  for  some  time,  primarily  for  the  fluxing  action  of  the  low  melting  primary  and 
secondary  phases  that  can  form  [93,  94].  Reports  on  the  electrical  and  optical  impact  of 
defect  levels  in  ZnS  due  to  alkali  halide  dopants  is  primarily  with  regard  to  optoelectronic 
diodes,  as  discussed  in  the  previous  section.  Little  work  has  been  done  in  an  effort  to 
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include  alkali  halide  dopants  in  ZnS:Mn  ACTFEL  devices.  This  is  primarily  due  to  the 
belief  that  inclusion  of  Cl  from  the  ALE  precursors  has  a negative  impact  on  device 
stability  [76]. 
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^ 0.515  eV  I gY 
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0.44  eV;  Vz„Cls" 

~Y~  0.2  eV; 


Figure  2-21.  Energy  band  diagram  with  deep  defeet  levels  in  ZnS:Cl  [83]. 


One  early  study  by  Kun  et  al.  reports  a dramatic  improvement  of  ZnS:Mn 
ACTFEL  device  brightness  and  efficiency  with  the  incorporation  of  Cl  into  the  films 
[95].  The  films  are  deposited  by  e-beam  evaporation.  With  as  much  as  8.4  at.%  Cl 
added  to  the  starting  material  as  NH4CI  none  was  detected  in  the  evaporation  pellets  after 
firing  or  in  the  deposited  films,  indicating  <0.01  at.%  Cl  present.  After  deposition  of  the 
phosphor  layer  the  films  were  vacuum  annealed  at  500°C  for  two  hours.  The  brightness 
and  efficiency  of  the  devices  were  shown  to  improve  by  as  much  as  a factor  of  3 with  the 
inclusion  of  Cl,  but  the  best  device  efficiency  was  just  0.6  Im/W.  The  improvement  is 
attributed  to  improved  crystallinity,  measured  by  x-ray  diffraction. 
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Codoping  of  sputter  deposited  ZnSiMn  ACTFEL  devices  with  KCl  was  studied 
by  Zhai  and  Waldrip  [77,  96].  The  procedure  for  codoping  the  phosphor  layer  will  not  be 
discussed  here  because  it  is  the  same  procedure  used  in  this  work  and  described  in  detail 
in  Section  3.2.  The  results  of  the  codoping  study  are  summarized  here.  With  KCl 
codoping,  the  grain  size  increased  from  132  to  187  nm  after  annealing  at  700°C  for  5 
minutes  as  compared  to  undoped  samples  with  the  same  annealing  conditions.  With 
grain  growth  there  was  no  significant  reduction  in  defect  density.  One  significant  change 
in  the  microstructure  was  observed.  The  small,  equiaxed,  highly  defective  grains  at  the 
nucleation  surface  were  consumed  by  the  columnar  grains,  which  extended  from  the  bulk 
to  the  nucleation  surface  with  KCl  codoping  and  700°C  annealing.  It  was  shown  that 
there  is  no  preferential  segregation  of  K to  grain  boundaries,  and  that  the  diffusion  rate 
for  K is  much  higher  than  that  of  Cl.  The  incorporation  of  KCl  also  was  shown  to 
stabilize  the  cubic  phase,  particularly  with  a (200)  texture.  These  observations  were  used 
to  conclude  that  K was  incorporated  at  least  partially  as  an  interstitial  in  the  cubic  ZnS 
lattice.  EL  performance  was  dramatically  improved  with  KCl  codoping/annealing,  and 
the  stability  of  the  devices  were  improved.  The  details  of  this  improvement  are  discussed 
in  detail  in  Chapter  3. 


2. 1 0 Oxide  Phosphors  for  ACTFEL  Displays 
2.10.1  General  Considerations 

The  most  widely  used  phosphor  host  materials  in  ACTFEL  devices  are  sulfur- 
based  compounds  [3,  5].  The  requirements  for  the  phosphor  layer  in  ACTFEL  devices 
were  discussed  in  Section  2.7.5.  Among  these  requirements,  the  need  for  efficient 
transport  of  high  energy  electrons  and  the  need  for  good  crystallinity  have  limited  the 
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interest  in  oxides  as  potential  EL  phosphors  [3].  Empirically,  oxides  have  larger  band 
gaps  than  sulfides  and  are  not  as  capable  of  transporting  significant  current  densities  of 
hot  electrons  [3].  Efficient  host  materials  for  ACTFEL  phosphors  are  generally  limited  to 
those  materials  with  band  gap  energies  in  the  range  of  3. 5-4.5  eV.  Oxides  tend  to  be 
more  refractory  than  sulfides  and  achieving  good  crystallinity  at  processing  temperatures 
compatible  with  glass  substrates  (~550°C)  is  difficult  or  impossible  with  many  oxide 
phosphors.  For  example,  oxide-based  CRT  phosphors  are  usually  processed  above 
1000°C  [3,  93]. 

Renewed  interest  in  oxide  ACTFEL  phosphors  has  stemmed  from  progress  made 
in  alleviating  both  of  these  limitations.  In  terms  of  the  current  transport,  much  recent 
work  in  oxide  phosphors  has  been  focused  on  materials  with  moderate  band  gaps  such  as 
Ga203  (4.52-4.84  eV  [97,  98]),  ZnGa204  (~4.3  eV  [99]),  and  Zn2Ge04:Mn  (4.68  eV, 
reported  in  this  work).  However  information  regarding  the  electrical  behavior  of  these 
materials  in  ACTFEL  devices  is  very  limited. 

With  regard  to  the  temperatures  required  to  achieve  good  crystallinity,  the 
approach  taken  by  Minami  and  Kitai  has  been  to  use  a refractory  substrate  material  that 
allows  high  temperature  annealing  of  the  oxide  phosphor  layer  to  achieve  good 
crystallinity  [20,  100].  The  device  structure  is  the  inverted  structure  shown  in  Figure  2- 
Ib,  and  the  substrate  material  is  usually  a BaTiOs  sheet.  This  sheet  is  usually  ~0.2  mm 
thick,  and  can  be  made  by  a cold  press  or  doctor  blade  method  [20].  The  BaTiOs  sheet 
serves  as  both  mechanical  substrate  and  bottom  dielectrie.  One  implication  of  the  thick 
dielectric  is  that  despite  the  large  dielectric  constant  of  BaTiOs  (er~5000)  the  thickness  of 
the  dielectrie  results  in  a capacitance  that  is  ~4x  smaller  than  that  of  a 200  nm  BaTa206 


68 


film  (Sr~22).  As  discussed  in  Section  2.8  the  smaller  insulator  capacitance  results  in  a 
larger  portion  of  the  voltage  being  dropped  across  the  dielectric  layer  rather  than  the 
phosphor.  This  requires  a higher  operating  voltage  and  applies  a larger  strain  on  the 
breakdown  strength  of  the  dielectric  layer.  Further  effects  of  the  thick  dielectric  on  the 
electrical  behavior  of  the  devices  are  not  known  because  little  has  been  reported  on  the 
subject. 

2.10.2  Oxide  Phosphors  in  ACTFEL  Devices 

Numerous  oxide-based  phosphor  materials  have  been  investigated,  and  a 
summary  of  some  of  the  results  is  given  in  Table  2-9.  In  particular,  more  extensive 
reports  have  been  given  regarding  Ga203:Mn,Cr,Eu,  ZnGa204:Mn,Cr,  CaGa204:Mn, 
MgGa204:Mn,  Zn2Si04:Mn,Ti,Tm,  Zn2SixGei.x04:Mn,  and  Y2Si05:Ce  [20,  21, 101- 
117].  One  difficulty  in  searching  for  useful  device  values  in  the  literature  comes  from  the 
different  device  structure  and  reporting  standards  often  used  for  the  oxide  phosphor  based 
devices  as  compared  to  the  standard  structure  devices.  While  the  brightness  and 
efficiency  40  V above  threshold  (B40,  E40)  with  a 60Hz  drive  frequency  is  a standard  way 
of  reporting  device  performance  for  standard  devices,  maximum  brightness  and 
efficien7cy  (Bmax  or  Lniax?  Emax)  are  often  reported  for  the  oxide  devices,  often  with  a 
drive  fi-equency  of  1 kHz.  The  maximum  brightness  and  luminance  values  are  often 
achieved  several  hundred  volts  above  threshold. 

As  seen  in  Table  2-9,  many  investigations  of  oxide-based  ACTFEL  devices  have 
found  poor  performance,  presumably  from  the  large  band  gaps  of  the  phosphor  materials, 
such  as  5.4  eV  for  Zn2Si04:Mn  and  5.6  eV  for  Y2Si05  [48].  Another  interpretation  is 
inefficient  charge  injection.  For  example  in  one  study  no  emission  was  observed  from 
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Y202S:Tm,  YF3:Tm,  or  Cap2:Eu  devices  without  a barrier  layer  of  ZnS  or  Znp2  [118]. 
But  several  phosphor  materials  including  Ga203:Mn,  Ga203:Eu,  ZnGa204:Mn, 
CaGa204;Mn,  Zn2Si04:Mn,  and  Zn2SixGei-x04:Mn  exhibited  good  brightness  values  in 
the  thick-film  dielectric  arrangement. 

2.10.3  Zn?Ge04:Mn  ACTFEL  Devices 

Several  studies  have  been  performed  regarding  Zn2Ge04:Mn  or  Zn2Sii. 

xGex04:Mn  as  an  ACTFEL  phosphor  [21,  48,  100,  101,  1 19,  120].  Zn2Ge04iMn  has 

been  known  for  a long  time  as  an  efficient  green-emitting  phosphor  [93],  and  was 

investigated  for  TEEL  devices  more  recently  due  to  the  lower  processing  temperature 

* 

required  relative  to  Zn2Si04:Mn  [21,  101].  The  crystallization  temperature  for 

Zn2Si04:Mn  is  reported  to  be  900-1000°C  whereas  that  for  Zn2Ge04:Mn  is  650-700°C 

[21].  An  alloy  between  Zn2Si04:Mn  and  Zn2Ge04:Mn  has  been  found  to  provide  the  best 

combination  of  high  brightness  and  low  processing  temperatures  [100].  Brightness  and 

effienciency  of  480  cd/m  and  0.75  ImAV  were  measured  at  60  Hz  for  sputter  deposited 

Zn2Sio.5Geo.504:Mn(2%)  annealed  in  vacuum  at  720°C  for  1 hour  [21].  Brightness  and 

efficiency  of  2000  cd/m^  and  ~0.7  ImAV  were  found  at  IkHz  for 

Zn2Sio.75Geo.2504:Mn(l%)  annealed  in  Ar  for  0.5-1  hour  at  910°C  [101].  Both  of  these 

» 

studies  were  performed  using  thick  BaTi03  substrates  in  the  inverted  structure.  A study 
by  Keir  showed  lower  values  of  brightness  and  efficiency  using  lower  annealing 
temperatures  and  standard  device  structure.  Keir  also  reported  an  extensive  study 
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Table  2-9.  Performance  of  ACTFEL  devices  using  oxide  phosphor  materials  [201. 


Phosphor  Material 

Vth 

Liriax  1 kHz 
(60  Hz) 

^max 

Color 

CIEx 

Cffiy 

Zn2Sio.75Geo.2504:Mn 

170 

4220(809) 

0.75 

Green 

0.272 

0.662 

Zn2Sio.7Geo,304:Mn 

no 

1751(206) 

2.53 

Green 

0.271 

0.671 

Zn2Si04:Mn 

160 

3020(230) 

0.78 

Green 

0.251 

0.697 

CaGa204:Mn 

150 

2790(592) 

0.25 

Yellow 

0.479 

0.518 

Ga203:Mn 

no 

1018(227) 

1.7 

Green 

0.198 

0.654 

ZnGa204:Mn 

155 

758(235) 

1.2 

Green 

0.082 

0.676 

Zn2Ge04:Mn 

130 

341(39) 

0.25 

Green 

0.331 

0.645 

BeGa204:Mn 

70 

162 

0.091 

Green 

0.121 

0.720 

ZnGe03:Mn 

no 

27 

0.026 

Green 

0.263 

0.683 

ZnAl204:Mn 

130 

21 

0.006 

Green 

0.150 

0.708 

SrAl204:Mn 

100 

18 

0.001 

Green 

0.180 

0.709 

MgGa204:Mn 

160 

14 

0.001 

Green 

0.109 

0.612 

BaAl204:Mn 

80 

12 

0.006 

Green 

0.158 

0.707 

SrGa204:Mn 

125 

8.7 

0.003 

Green 

0.127 

0.542 

Mg2Ge04:Mn 

200 

5.5 

0.001 

Red 

0.516 

0.463 

MgGe03:Mn 

260 

14.6 

0.004 

Red 

0.667 

0.300 

CaGe03iMn 

300 

20.8 

0.004 

Red 

0.514 

0.377 

Ga2Ge207;Mn 

200 

135 

0.03 

Red 

0.593 

0.407 

CaO:Mn 

390 

55 

0.016 

Red 

0.603 

0.391 

Ge02:Mn 

180 

7 

0.018 

Red 

0.521 

0.413 

ZnGa204iCr 

250 

196(6) 

0.02 

Red 

0.584 

0.398 

Ga203:Cr 

240 

375(34) 

0.04 

Red 

0.654 

0.293 

Zn2Si04:Ti 

280 

15.8 

0.017 

Blue 

0.142 

0.115 

CaO:Pb 

470 

5.5 

0.001 

Blue 

0.166 

0.113 

CaGa204:Eu 

225 

215(19) 

0.026 

Red 

0.687 

0.311 

Y203:Eu 

130 

144(27) 

0.14 

Red 

0.573 

0.393 

ZnGa204:Eu 

175 

62 

0.009 

Red 

0.584 

0.398 

Ga203:Eu* 

100 

(580) 

0.37 

Red 

0.587 

0.385 

Zn2Si04:Eu 

210 

5.5 

0.001 

Blue 

0.208 

0.236 

L>r2P207:Eu 

145 

5.6 

0.005 

White 

0.334 

0.270 

ZnGa204:Tb 

230 

16 

0.004 

Green 

0.296 

0.669 

CaGa204:Tb 

230 

16 

0.002 

Green 

0.361 

0.542 

CaGa204:Dy 

215 

30 

0.005 

Yellow 

0.479 

0.518 

ZnGa204:Tm 

260 

5.7 

0.01 

Green 

0.125 

0.585 

Y2SiOs:Ce 

235 

13.2 

0.054 

Blue 

0.176 

0.138 

Zri2Si05:Ce 

200 

6.3 

0.007 

Blue 

0.149 

0.113 

*[98] 
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attempting  to  incorporate  various  materials  as  fluxing  agents.  The  conditions  for  each  co- 
dopant were  not  optimized.  The  most  promising  flux  agents  from  this  study  were 
determined  to  be  NaF,  KF,  RbF,  and  NaCl.  However  it  should  be  noted  that  one  effect  of 
these  co-dopants  was  often  a shift  in  the  emission  spectrum,  and  how  much  of  the 
improved  performance  can  be  accounted  for  by  this  effect  alone  is  not  certain.  Electrical 
measurements  did  show  altered  electrical  properties  due  to  the  incorporation  of  co- 
dopants, so  there  are  certainly  changes  other  than  just  the  spectrum  [48].  The  phosphor 
layer  thickness  is  not  reported,  and  phosphor  fields  measured  using  a Q-Fp  analysis  were 
in  the  range  of  5 MV/cm.  These  devices  were  borderline  field  clamped,  and  showed  a 
sluggish  tum-on  in  the  B-V  characteristics. 

Most  recently  Bondar  et  al.  have  reported  a brightness  of  48  cd/m^  using  the 
standard  device  structure[l  19].  Clark  et  al.  reported  a brightness  value  over  100  cd/m^  at 
V40  and  60  Hz  using  the  standard  device  structure.  They  also  claim  new  method  for 
obtaining  crystalline  Zn2Si04  and  Zn2Ge04  powders  at  temperatures  as  low  as  125°C 
[120]. 


CHAPTER  3 

ALKALI  HALIDE  CO-DOPING  OF  ACTFEL  DEVICES 
3.1  Introduction 

This  chapter  describes  the  effects  of  alkali  halide  codoping  of  the  ZnS:Mn 
phosphor  layer  on  the  electrical  and  optical  properties  of  the  RF  magnetron  sputtered 
ACTFEL  devices.  First,  a description  of  the  experimental  procedure  used  in  this  study  is 
given.  This  is  followed  by  a summary  of  the  results  of  electro-optical  characterization  of 
the  devices.  The  results  will  show  that  the  codoping  procedure  dramatically  improves  the 
brightness,  efficiency,  and  stability  of  the  devices  compared  to  the  best  sputtered, 
undoped  deviees.  The  observed  effects  are  then  discussed  in  the  context  of  the 
efficiencies  of  the  various  processes  during  device  operation.  It  is  shown  that  improved 
performance  is  due  to  increased  excitation  efficiency.  The  eleetrical  behavior  of  the  co- 
doped devices  combined  with  previous  microstructural  analysis  is  used  to  attribute  the 
improvement  to  less  band  bending,  which  is  caused  by  a reduction  in  the  traping 
efficiency  of  hole  traps  in  the  phosphor  layer.  Further  arguments  are  given  that  the 
electron  multiplication  process  becomes  so  efficient  that  the  conduction  current  is  limited 
by  the  internal  phosphor  resistance  rather  than  a capacitance  or  density  of  states,  as  is 
normally  seen. 

3.2  Experimental  Procedure 

For  the  experiments  described  in  this  chapter  traditional  ZnS:Mn  ACTFEL 
devices  were  fabricated  by  RF  magnetron  sputtering  and  an  alkali  halide  co-dopant, 
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usually  KCl,  was  introduced  via  ex-situ  diffusion  during  a post-deposition  anneal.  The 
device  fabrication  process  flow  is  shown  schematieally  in  Figure  3-1,  and  the  details  are 
described  in  this  section. 


Figure  3-1.  Schematie  process  flow  diagram  for  ZnS:Mn,K,Cl  device  fabrication. 
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3.2.1  Substrates 

Alkali  halide  codoping  experiments  were  performed  using  the  standard  ACTFEL 
device  structure  (Figure  2- la).  Codoping  was  achieved  by  ex-situ,  or  post-deposition 
diffusion  of  the  alkali  halide  into  the  phosphor  layer.  The  substrates  were  Coming  7059 
glass  coated  with  ITO.  Unless  otherwise  noted,  the  bottom  dielectric  was  Al203/Ti02 
(ATO)  deposited  using  ALD  by  Planar  Systems,  Inc.  For  a small  number  of  samples 
SiOxNy  was  used  as  the  bottom  insulator.  Before  phosphor  layer  deposition  the  substrates 
were  cleaned  with  methanol  followed  by  a 6 minute  ozone  clean. 

3.2.2  Phosphor  Laver  Processing 

The  ZnS:Mn  layer  was  deposited  by  RF  magnetron  sputtering  using  independent 
ZnS  and  Mn  sources.  The  ZnS  target  was  bulk  polycrystalline  ZnS  purchased  from 
Morton  Thiokol,  Inc.,  and  the  Mn  was  sputtered  from  a metallic  Mn  target  purchased 
from  Target  Materials,  Inc.  Multiple  substrates  were  placed  on  a rotating  stage,  which 
resulted  in  sequential  sputtering  of  ZnS  and  Mn  layers  using  a rotation  rate  of  4 
revolutions/minute.  The  sputter  chamber  typically  had  a base  pressure  of  1x10’^  Torr. 

Conditions  for  phosphor  deposition  were  evaluated  and  optimized  by  measuring 
the  brightness  at  20V  or  40V  over  threshold  (B20  or  B40)  of  half-cell  devices  (as  defined 
in  section  2.4.1,  these  are  devices  with  no  top  insulator).  The  processing  conditions  for 
the  samples  used  in  this  study  are  as  follows.  The  substrate  temperature  during  sputter 
deposition  of  the  phosphor  layer  was  160°C.  The  power  applied  to  the  2”  target  was  150 
W for  ZnS  and  15  W,  12%  duty  cycle  for  Mn.  The  sputter  gas  was  Ar  at  20  mTorr 
pressure.  The  resulting  growth  rate  was  typically  ~ 0.52  nm/s.  The  sputter  system 
allowed  as  many  as  seven  l”x2”  substrates  to  be  processed  simultaneously,  allowing 
various  post-deposition  processing  conditions  to  be  compared  directly  using  identical 
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phosphor  films.  One  bare  glass  substrate  was  included  in  each  run  to  calculate  the  film 
thickness  by  measuring  the  optical  interference  spectrum. 

The  alkali  halide  was  subsequently  deposited  onto  the  ZnS:Mn  phosphor  by 
thermal  evaporation.  Typical  base  pressures  for  evaporation  were  5 x 10'^  Torr,  and  a 
deposition  rate  of  ~1 .5  nm/s  was  typical.  The  KCl  layer  thicknesses  were  over  the  range 
10-1000  nm,  but  the  standard  thickness  was  100  nm.  A control  sample  from  the  same 
sputter  run  without  codopant,  referred  to  here  as  “undoped”,  was  always  processed  with 
the  codoped  sample. 

The  devices  were  then  annealed  under  flowing  Ar  or  N2  in  a custom  quartz  lamp- 
heated  rapid  thermal  anneal  (RTA)  chamber.  The  sample  was  placed  on  a graphite 
susceptor  that  also  had  a graphite  cover  not  in  contact  with  the  sample.  A thermocouple 
was  placed  immediately  adjacent  to  the  sample  to  control  temperature.  A piece  of 
polished  Si  wafer  was  placed  polished  side  down  on  the  sample  during  heating  to  help 
prevent  contamination  ofifrom  the  RTA  chamber.  In  addition,  different  graphite 
susceptors  were  used  for  RTA  of  codoped  and  undoped  samples,  and  the  evaporation 
chamber  was  cleaned  between  different  conditions  to  reduce  cross-contamination  by  KCl. 
The  standard  processing  conditions  employed  a 5 minute  anneal  at  700°C  with  a 2 minute 
ramp  to  temperature,  and  complete  shutoff  of  the  furnace  during  cooling,  which  allowed 
the  sample  to  cool  to  < 500  °C  in  < 30  seconds. 

Unless  otherwise  noted,  most  experiments  used  KCl  as  the  co-dopant,  however 
experiments  using  KBr,  NaCl,  and  KI  as  the  co-doping  agent  were  performed.  A brief 
summary  of  the  results  of  these  experiments  are  included  in  Appendix  A.  Unless 


76 


otherwise  noted,  the  standard  processing  conditions  for  other  alkali  halides  employed  a 5 
minute  anneal  at  700°C. 

After  heat  treatment,  excess  residual  alkali  halide  was  removed  using  deionized 
water.  To  ensure  there  were  no  deleterious  effects  from  the  deionized  water  rinse,  unco- 
doped  samples  were  also  rinsed  and  tested. 

3.2.3  Device  Fabrication 

The  top  insulator  material  on  full  stack  devices  was  BaTa206  (BTO).  This  layer 
was  250  nm  thick  and  was  deposited  on  the  phosphor  layer  by  RF  diode  sputter 
deposition  in  a mixed  Ar/02  (77%/23%)  process  gas  ambient.  Typical  base  pressures 
were  4x10"^  Torr. 

The  top  electrode  was  formed  via  thermal  evaporation  of  A1  through  a shadow 
mask.  Typical  base  pressures  for  this  process  were  1x10'^  Torr.  Contact  to  the  bottom 
(ITO)  electrode  was  achieved  by  scratching  through  the  upper  insulating  layers  with  a 
diamond  scribe  and  melting  pure  indium  metal  onto  the  scratched  area,  which  wets  to  the 
ITO  layer  for  electrical  contact. 

3.2.4  Measuring  EL  Performance 

The  primary  measures  of  device  performance,  namely  brightness,  efficiency,  and 
chromaticity,  were  routinely  measured.  The  electrical  excitation  was  provided  by  a high 
voltage  driver  that  produced  alternating  polarity  60  Hz  trapezoidal  pulses  with  a 5 psec 
rise  time,  30  psec  dwell,  and  1 psec  fall  time.  Brightness  and  chromaticity  were 
measured  as  a function  of  voltage  using  either  a Pritchard  spectrophotometer,  or  a 
Pritchard-type  spectrophotometer  from  Photo  Research,  model  PR650.  Efficiency  values 
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were  calculated  from  the  brightness  values  and  the  dissipated  power,  calculated  from 
time-resolved  values  of  current  and  voltage  over  a full  period. 

Device  stability  was  studied  by  accelerated  aging  using  the  same  high  voltage 
driver  operating  at  2.5  kHz  instead  of  60  Hz.  Aging  was  done  at  40V  above  the  2.5  kHz 
threshold  voltage  and  brightness  vs.  voltage  behavior  was  measured  periodically  during 
aging.  The  Vth  was  determined  using  the  maximum  slope  intercept  method,  which  was 
discussed  above  in  Section  2. 5. 1.1. 

3.2.5  Electrical  and  Optical  Characterization 

The  electrical  and  optical  properties  were  evaluated  for  a number  of  devices.  Q-V, 
Qint-Fp,  and  C-V  plots  were  measured  using  a Sawyer-Tower  bridge  and  either  a 100  nF 
capacitor  or  100  Q resistor  as  the  sense  element  to  measure  either  the  stored  charge  or  the 
current,  respectively,  using  a Tektronix  TDS  510A  digitizing  oscilloscope.  Luminance 
versus  time  (L(t))  data  were  collected  on  the  oscilloscope  from  an  Si-diode 
photomultiplier  tube  (PMT)  manufactured  by  Oriel  with  a 1 kQ  bridge  resistor.  The 

sample  was  placed  over  an  aperture  on  a 4”  integrating  sphere,  which  was  then  coupled 
into  the  PMT. 

Optical  scattering  was  measured  using  a standard  diffuse  reflectance  technique. 
This  employed  a W-halogen  lamp  as  the  light  source.  The  light  source  was  coupled  into 
a bifurcated  optical  fiber  which  was  placed  at  a 45°  angle  to  the  sample  surface.  The 
second  fiber  collected  diffusely  reflected  light  and  coupled  into  a CCD  array 
spectrometer.  Ocean  Optics  model  P2000.  The  intensity  of  the  backscattered  light  versus 
wavelength  was  measured  relative  to  that  for  a BaS04  reflection  standard,  and  the 
average  diffuse  reflectance  over  the  visible  range  was  recorded. 
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3.3  Results 

Optical  and  electrical  electroluminescent  device  properties  are  given  for  full  stack 
samples  processed  with  and  without  KCl  co-doping,  as  described  in  section  3.2. 

3.3.1  EL  Performance 

The  primary  measures  of  the  performance  of  an  ACTFEL  device  include 
brightness,  efficiency,  chromaticity,  and  stability.  In  terms  of  the  brightness  and 
efficiency,  the  addition  of  alkali  halide  co-dopants  to  ZnS:Mn  ACTFEL  devices  during 
post-deposition  annealing  provides  a dramatic  improvement  in  device  performance  over 
the  best  sputtered  ZnS:Mn  devices,  and  even  those  grown  by  ALE  or  evaporation.  Figure 
3-2  shows  the  brightness  and  efficiency  vs.  voltage  characteristics  for  the  best  devices 
with  and  without  KCl  co-doping;  these  samples  were  taken  from  the  same  ZnS:Mn 
sputter  run.  The  B40  values  were  581  cd/m^  and  379  cd/m^  for  the  KCl  doped  and 
undoped  devices,  with  E40  values  of  1.92  lum/W  and  1.18  lum/W,  respectively.  To  put 
the  brightness  values  in  perspective,  they  are  compared  in  Figure  3-3  to  the  typical  values 
obtained  from  optimized  ALE  and  evaporated  devices  [121]. 
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Figure  3-2.  Brightness  and  efficiency  vs.  voltage  for  ZnSiMn  devices  with  and  without 
KCl  co-doping. 


Sputtered,  as  Sputtered,  no  KCl,  Evaporated,  RTA  ALE,  RTA  Sputtered,  KCl, 
deposited  RTA  rta 


Figure  3-3.  Comparison  of  B40  brightness  values  for  as  deposited,  annealed,  and  KCl 
doped  sputtered  devices,  and  evaporated  and  ALE-grown  devices. 


Efficiency  (lum/W) 
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The  magnitude  of  improvement  for  these  samples  was  a 53%  improvement  in  B40 
and  a 62%  improvement  in  E40.  B-V  and  E-V  curves  from  within  a ZnS:Mn  run,  but  with 
varying  thicknesses  of  KCl  for  diffusion  are  shown  in  Figure  3-4a  and  b.  Comparing  the 
five  co-doped  samples  from  that  sputter  deposition  run  to  the  two  undoped  samples  from 
the  same  run,  all  plotted  in  Figure  3-4,  yields  an  average  53%  increase  in  brightness  and 
an  average  37%  increase  in  efficiency.  The  average  brightness  and  efficiency  of  the 
undoped  samples  is  103  cd/m^  and  1.23  lum/W,  respectively,  with  a standard  deviation  of 
13  cd/m  and  0.17  lum/W.  The  values  for  the  KCl  doped  samples  are  157  cd/m^  and  1.68 
lum/W,  with  a standard  deviation  of  1 1 cd/m^  and  0.07  lum/W.  The  average  threshold 
voltage  also  increased  from  168  V unco-doped  to  1 84  V co-doped,  with  standard 
deviations  of  0.3  and  2.6  V,  respectively.  While  the  specific  values  for  threshold  voltage 
vary  from  run  to  run,  the  increase  was  observed  consistently  with  added  KCl. 

Data  on  the  B-V  and  E-V  performance  of  devices  from  different  deposition  runs 
are  given  in  Figure  3-5.  The  run-to-run  repeatability  is  reasonable,  and  the  intra-run 
repeatability  is  even  better.  These  samples  were  annealed  at  650°C  for  2 minutes  with  no 
co-dopant,  and  therefore  the  performance  values  cannot  be  compared  in  magnitude  to  the 
undoped  samples  in  Figure  3-5.  The  B40  and  E40  values  have  an  average  of  142  cd/m^ 
and  0.771  lum/W,  respectively.  The  intra-run  standard  deviations  for  these  values  are  4.8 
cd/m  and  0.054  lum/W,  while  the  standard  deviations  between  runs  are  6.4  cd/m^  and 


0.080  lum/W. 
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Voltage 


(a) 


Voltage 

(b) 

Figure  3-4.  (a)  Brightness  (b)  and  efficiency  vs.  voltage  curves  for  samples  from  the 
same  ZnS:Mn  sputter  run  using  varying  thicknesses  of  KCl. 


Efficiency  (lunVW)  Brightness  (cd/m^) 
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Figure  3-5.  (a)  Brightness  (b)  and  efficieney  vs.  voltage  curves  for  different  ZnS:Mn 
sputter  deposition  runs  using  identical  conditions,  annealed  at  650°C  for  2 minutes. 
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EL  emission  spectra  for  samples  with  and  without  KCl  are  shown  in  Figure  3-6. 
The  small  differences  in  these  emission  spectra  varied  somewhat  for  each  sample.  They 
were  shown  to  result  from  thin  film  interference  fringes,  since  their  wavelength  and 
magnitude  change  as  the  viewing  angle  is  changed.  Note  that  both  the  high  energy  and 
low  energy  tails  of  the  spectra  match  quite  closely.  In  short,  there  was  no  systematic  shift 
of  the  emission  spectrum  or  CIE  coordinates  with  KCl  co-doping. 


Figure  3-6.  EL  emission  spectra  for  ZnS:Mn  samples  with  and  without  KCl  doping. 
3.3.2  Optical  Properties 

Normalized  PL  decay  behavior  is  shown  in  Figure  3-7  for  as-deposited,  700°C 
annealed,  and  700°C  annealed/KCl  codoped  samples.  Figures  3-8  and  3-9  show  the  EL 
emission  decay  data  at  threshold  or  40V  above  threshold,  60  Hz  for  both  polarities  from 
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KCl  doped  and  undoped  samples.  The  decay  behavior  under  the  same  conditions  is 
shown  in  more  detail  in  Figure  3-10. 

The  PL  decay  data  in  Figure  3-7  shows  identical  decay  behavior  for  as-deposited, 
annealed,  and  KCl  codoped/annealed  samples.  The  best  fit  curve  in  Figure  3-7  shows 
that  the  decay  follows  the  form  B = Boexp-(t/x)^.  The  decay  time,  ~45  ps,  is  unusually 
fast  for  Mn^"^  decay,  and  the  cause  is  unknown.  However  it  is  clear  that  KCl  codoping  did 
not  change  the  radiative  relaxation  time  constant. 


Time  (ns) 

Figure  3-7.  PL  decay  curves  for  as-deposited,  700°C  annealed,  and  700°C  annealed/KCl 
co-doped  samples. 

The  EL  decay  data  in  Figure  3-8  is  shown  to  compare  the  relative  intensities  of 
the  two  different  polarities  of  voltage  pulses  used  to  excite  EL.  The  undoped  sample 
shows  very  symmetric  emission  between  the  two  pulses.  For  comparison,  ALD-grown 
devices  normally  show  more  intense  emission  when  the  top  surface  acts  as  the  cathode 
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[122],  while  electron-beam  evaporated  samples  show  higher  emission  from  the 
nucleation  surface  as  the  cathode  [123].  Unlike  the  undoped  sample,  the  KCl  doped 
sample  shows  14%  higher  initial  intensity  for  the  ZnS/ATO  interface  as  cathode  than  for 
the  ZnS/BTO  cathodic  interface. 


Figure  3-8.  EL  emission  decay  at  40V  above  threshold,  60Hz,  for  KCl  doped  and 
undoped  ZnS:Mn  samples.  Both  curves  are  normalized  to  the  maximum  intensity  when 
the  ZnS/ATO  interface  is  the  cathode  (t » 0). 


The  radiative  efficiency  for  different  samples  or  conditions  can  be  compared  by 
measuring  the  EL  decay  behavior  when  excited  by  voltage  pulses  much  shorter  than  the 
decay  time  [45].  With  some  approximations,  when  the  decay  is  normalized  to  its 
maximum  value,  the  integrated  intensity  is  equal  to  the  relative  radiative  efficiency.  The 
EL  decay  data  in  Figure  3-9  show  similar  decay  behavior  for  all  conditions  and  polarities. 
The  decay  is  normalized  to  the  maximum  intensity  for  both  polarities  of  undoped  and 
KCl  codoped  ZnS:Mn  devices  at  40V  above  threshold.  In  addition  the  decay  of  an 
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undoped  device  at  threshold  is  also  shown.  In  all  cases  the  decay  is  not  described 
accurately  by  exponential  decay,  power  law  decay,  or  a combination  of  the  two.  There  is 
a small  and  repeatable  difference  between  the  respective  decay  curves.  The  relative  value 
of  the  integrated  intensity  for  each  normalized  curve  is  an  indication  of  radiative 
efficiency,  since  the  duration  of  excitation  (~40  ps)  is  much  shorter  than  the  decay  time 
(~2  ms).  The  relative  radiative  efficiencies  are  given  in  Table  3-1,  which  shows  that  the 
highest  efficiency  is  for  the  device  at  threshold,  and  that  the  lowest  efficiencies  are  from 
the  KCl  codoped  devices.  The  average  KCl  codoped  intensity  is  just  4%  lower  than  for 
the  undoped  sample  at  40V  above  threshold. 


Time  (ms) 

Figure  3-9.  EL  emission  decay  at  40V  above  threshold  (high  drive),  60Hz,  for  KCl 
doped  and  undoped  ZnS:Mn  samples.  Both  positive  and  negative  polarity  pulses  are 
normalized  to  their  maximum  intensity.  Also  included  is  the  EL  emission  decay  for  the 
ITO(-)  pulse  of  the  undoped  sample  at  the  threshold  voltage  (low  drive). 
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Table  3-1.  Relative  luminous  efficiencies  for  KCl  codoped  and  undoped  devices  at  40V 


Device 

Polarity 

Relative  Luminous 
Efficiency  (%) 

KCl 

A1  (-) 

91 

ITO  (-) 

93 

No  KCl 

A1  (-) 

94 

ITO  (-) 

97 

No  KCl  (at  V,h) 

ITO  (-) 

100 

Figure  3-10  shows  the  luminescent  decay  data  for  the  same  samples  and 
conditions  on  a shorter  time  scale.  These  data  are  normalized  to  unity  when  the 
excitation  voltage  is  removed  and  reaches  zero  (t  ~ 32  ps).  These  data  show  the 
increased  excitation  rate  for  the  KCl  codoped  sample  during  the  early  portion  of  the 
voltage  pulse,  which  accounts  for  the  difference  in  radiative  efficiency.  For  the  sake  of 
comparison,  the  relative  initial  intensity.  Bo,  is  given  for  each  curve  in  Figure  3-10. 


Time  (ns) 

Figure  3-10.  EL  emission  decay  at  40  V above  threshold,  60Hz,  for  both  polarities  of  KCl 
doped  and  undoped  ZnS:Mn  devices.  The  data  are  normalized  to  their  maximum 

intensity  as  the  voltage  reaches  zero  (t  ~ 32  ps).  Bq  refers  to  the  relative  initial  intensity 
for  each  curve. 
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The  values  of  diffuse  reflectance  after  different  RTA  temperatures  for  either  ATO 
or  SiON  as  the  bottom  insulator  are  shown  in  Figure  3-11.  These  data  show  that  the 
diffuse  reflectance  is  low  (»10%),  is  slightly  dependent  on  the  type  of  bottom  insulator 
used,  and  that  for  an  ATO  insulator  (which  was  used  for  this  study)  the  diffuse 
reflectance  actually  decreases  slightly  when  KCl  is  added. 


650/SiON  700/SiON  650/ATO  700/ATO 

RTA  Temperature  (°C)  / Bottom  Insulator 


Figure  3-11.  Diffuse  reflectance  values  for  KCl  doped  and  undoped  ZnS:Mn  samples 
annealed  at  either  650  or  700°C  using  either  SiON  or  ATO  as  the  bottom  insulator. 


3.3.3  Electrical  Measurements 

Neglecting  the  additional  dissipative  process  of  luminescence,  an  ACTFEL  device 
is  essentially  a two-terminal  electrical  device.  The  transport  properties  of  an  ACTFEL 
device  are  often  most  easily  studied  by  investigating  the  time  resolved  electrical  behavior 
of  the  device,  sometimes  in  conjunction  with  studying  the  time  resolved  emissive 
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characteristics.  The  significance  and  procedure  for  measuring  the  following  electrieal 
data  were  diseussed  in  more  detail  in  Section  2.8. 

The  Q-V  plots  in  Figure  3-12  show  the  external  charge  on  the  y-axis  versus  the 
applied  voltage  on  the  x-axis.  Data  are  shown  in  Figure  3-12  for  as-deposited,  700°C 
annealed,  and  700°C  annealed/KCl  codoped  samples.  They  were  measured  at  40V  above 
threshold  using  a 100  nF  capacitor  as  the  sense  element.  The  eorresponding  Qim-Fp  plots, 
which  refer  to  the  conduction  charge  versus  phosphor  field,  are  shown  in  Figure  3-13. 

The  Q-V  data  in  Figure  3-12  show  some  interesting  eharaeteristics.  The  most 
obvious  differenees  are  that  ( 1 ) the  amount  of  leakage  eharge  differs  between  all  of  the 
samples,  (2)  the  amount  of  total  external  charge  is  smaller  for  the  as-deposited  device,  (3) 
the  annealed,  no-KCl  sample  shows  an  unusual  two-step  breakdown  for  both  polarities  at 
low  voltage  (~35-40  V),  and  (4)  the  KCl/annealed  sample  shows  significant  bending  of 
the  above  threshold  portion  of  the  curve  and  shows  a large  amount  of  relaxation  charge. 

To  analyze  these  features  in  more  detail  it  is  sometimes  easier  to  use  the  Qint-Fp 
plot  shown  in  Figure  3-13.  Figures  2-11  and  2-14  are  repeated  here  for  convenience  as 
well.  The  dielectric  constants  for  the  layers  are  used  as  parameters  in  this  analysis  to 
obtain  the  most  ideal  shape  for  the  curve,  i.e.,  the  most  horizontal  behavior  during  the 
D-E  and  I-J  portions  of  the  plot,  and  the  most  vertical  behavior  during  the  B-C  and  G-H 
portions  of  the  curve.  In  this  case  the  values  used  for  the  phosphor  capacitance  werel  1.5, 
12,  and  1 1 nF/cm  for  the  as-deposited,  annealed,  and  KCl/annealed  samples, 
respectively.  These  compare  closely  to  10.5  nF/cm^  for  the  physieal  capacitance, 
calculated  from  the  known  dielectric  constant  and  measured  film  thiekness.  The  insulator 
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capacitance  values  were  43,  38, 45,  and  30  nF/cm^  for  the  as-deposited,  annealed,  and 
KCl/annealed,  and  physical  values,  respeetively.  The  as-deposited  sample 


-150  -100  -50  0 50  100  150  200 

Voltage  (V) 


Figure  3-12.  External  charge-applied  voltage  (Q-V)  plots  for  as-deposited,  annealed,  and 
annealed/co-doped  ZnS:Mn  samples. 


clearly  shows  the  lowest  amount  of  conduetion  charge  and  the  smallest  amount  of 
leakage  charge  at  moderate  phosphor  fields.  The  aimealed  sample  shows  the  largest 
conduction  charge  with  asymmetric  characteristics.  Specifically,  the  leakage  eharge  is 
smaller  after  the  ITO  (-)  pulse,  and  the  leakage  charge  is  larger  for  the  A1  (-)  pulse,  while 
the  conduction  charge  is  similar  for  the  two  polarities.  The  phosphor  fields  are  smaller 
for  the  annealed  deviee  than  either  of  the  other  two.  For  the  KCl-doped  sample,  the 
leakage  charge  is  large  and  symmetric  between  the  two  polarities,  and  the  breakdown 
field  is  larger  than  for  the  other  two  samples.  In  addition,  the  vertical  portions  of  the 


curve  are  not  constant. 
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Phosphor  Field  (MV/  cm) 


Figure  3-13.  Internal  charge-phosphor  field  (Qim-Fp)  plots  for  as-deposited,  annealed, 
and  annealed/co-doped  ZnS:Mn  samples.  A positive  field  polarity  refers  to  the  ZnS/BTO 
interface  as  cathode.  Figures  2-11  and  2-14,  which  illustrate  the  applied  voltage 
waveform  and  corresponding  Q-Fp  plot  are  repeated  for  convenience. 


Capacitance-voltage  (C-V)  plots  were  generated  for  a range  of  maximum  voltages 
for  both  KCl-doped  and  undoped  ZnS:Mn  devices.  The  results  are  shown  in  Figure  3- 
14a  and  14b  for  the  KCl  doped  and  undoped  devices,  respectively.  The  first 
characteristic  to  note  for  both  plots  is  the  rigid  shift  of  tum-on  voltage  to  lower  values  as 
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Vmax  increases.  One  interpretation  of  this  behavior  has  been  that  the  electrons  are  sourced 
from  interfaee  states,  rather  than  the  phosphor  bulk  [23],  Seeond,  the  eapacitanee  values 
above  tum-on  are  larger  for  the  KCl  doped  device.  Finally,  the  capacitance  above  turn- 
on for  the  KCl  codoped  deviee  shows  a linear  upward  slope  which  extrapolates  baek  to 
the  origin. 

From  the  same  measurements  from  which  the  C-V  data  were  obtained,  data  were 
eollected  to  investigate  the  maximum  brightness,  Bmax,  and  internal  or  conduction  charge, 
Qint,  as  a funetion  of  voltage.  These  measurements  were  performed  using  short  voltage 
pulses  which  had  a 5 ps  rise  time,  5 ps  dwell,  and  ~1  ps  fall  time.  Transferred  charge 
was  determined  using  the  Sawyer  Tower  bridge  arrangement  with  a 100  Q sense  resistor. 
The  eurrent  versus  time  data  were  integrated  to  obtain  Q(t)  for  each  polarity,  and  an 
example  is  shown  in  Figure  3-15.  The  internal  charge  was  assumed  to  be  the  stored 
charge  when  the  applied  voltage  reached  a value  of  0 V at  the  end  of  the  pulse,  which 
assumes  that  the  rapid  charge  relaxation  at  the  end  of  the  voltage  pulse  is  simply 
discharging  the  device  eapacitanee.  This  routine  is  shown  schematically  in  Figure  3-15. 

The  maximum  brightness  was  measured  simultaneously  by  reeording  the  time- 
dependent  EL  emission,  L(t).  Due  to  voltage  oscillations  from  the  high  voltages  and 
ramp  rates,  it  was  necessary  to  extrapolate  the  L(t)  back  to  its  maximum  value.  This 
extrapolation  could  be  done  linearly  due  to  the  short  time  scales  involved  (~10'^  s) 
relative  to  the  long  decay  time  of  the  phosphor  (~10'^  s).  This  is  shown  sehematically  in 
Figure  3-16. 
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(a) 


(b) 

Figure  3-14.  Capacitance  vs.  voltage  curves  for  (a)  KCl  codoped  and  (b)  undoped 
samples  at  various  maximum  applied  voltages. 
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Figure  3-15.  Determination  of  internal  charge  from  Qext  vs.  t analysis. 


Time  (s) 

Figure  3-16.  Determination  of  Bmax  from  L(t)  data.  Note  the  necessary  extrapolation 
back  to  the  end  of  the  voltage  pulse  which  was  necessary  because  of  “ringing”  as 
discussed  in  the  text. 
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The  values  of  Bmax  divided  by  Qjnt  at  different  voltages  were  determined  as  a 
function  of  voltage  and  Qin,  for  both  voltage  polarities.  The  results  for  KCl  codoped  and 
undoped  samples  are  shown  in  Figure  3-17  as  a function  of  voltage,  and  in  semilog 
format  in  Figure  3-18  as  a function  of  Qint. 

Several  observation  can  be  made  based  on  the  data  in  Figures  3-17  and  3-18. 
First,  the  excitation  efficiency  is  26%  higher  when  the  ATO/ZnS  interface  is  the  cathode 
both  with  and  without  KCl  doping.  Second,  the  excitation  efficiency  is  -75%  higher  for 
the  KCl  doped  sample  than  for  the  undoped  sample  for  both  polarities. 


' ' I r- I I 
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Figure  3-17.  Bmax/Qint  vs.  applied  voltage  for  both  polarities  of  KCl  codoped  and 
undoped  ZnS:Mn  samples. 
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Qnt  [l^C] 

Figure  3-18.  Bmax/Qint  vs.  Qjnt  for  both  polarities  of  KCl  codoped  and  undoped  ZnS:Mn 
samples. 

Additional  information  from  the  above  data  is  the  behavior  of  as  a function 
of  Vmax-  These  data  are  shown  in  Figure  3-19.  Values  for  Q^max,  or  the  external 
transferred  charge  are  taken  directly  from  the  Q®(t)  data,  as  are  the  values  for  Vmax.  From 
these  data,  the  subthreshold  insulator  capacitance  is  subtracted  leaving  a plot  of  the 
internal  charge  vs.  maximum  applied  voltage.  Several  features  are  worth  noting  from 
Figure  3-19.  First,  the  undoped  sample  shows  a large  amount  of  overshoot,  defined  here 
as  the  large  slope  portion  which  saturates  to  a lower  slope  and  has  a value  of  6.8  nF.  The 
KCl  doped  sample  on  the  other  hand  shows  a higher  tum-on  voltage  and  less  overshoot, 
but  a much  steeper  slope  corresponding  to  a capacitance  of  16.6  nF.  For  the  sake  of 
comparison,  a transferred  charge  capacitance  plot  from  an  evaporated  ZnS:Mn  device  is 
shown  in  Figure  3-20.  This  device  shows  less  overshoot  at  threshold  than  the  sputtered. 
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undoped  device,  but  saturates  to  the  insulator  capacitance  at  higher  voltages  similar  to  the 
undoped  sputtered  device. 


Figure  3-19.  Qmax  vs.  Vmax  for  KCl  codoped  and  undoped  ZnS:Mn  samples. 
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3.3.4  Aging  Measurements 

Devices  with  and  without  KCl  codoping  were  subjected  to  accelerated  aging  at 
2.5  kHz  using  the  standard  40  ps  voltage  pulse.  The  aging  voltage  was  40  V above  the 
2.5  kHz  threshold  voltage.  The  brightness-voltage  behavior  was  measured  periodically 
during  aging.  The  results  for  (a)  undoped  and  (b)  KCl  codoped  devices  are  shown  in 
Figure  3-21.  These  data  show  that  the  aging  behavior  is  very  similar  for  the  two  devices, 
primarily  exhibiting  a “p-shift”  or  an  increasing  threshold  voltage.  However  for  the  KCl 
doped  samples  this  shift  is  much  less  severe. 

3.4  Discussion 

It  was  mentioned  previously  that  the  primary  measures  of  ACTFEL  device 
performance  are  brightness,  efficiency,  chromaticity,  and  stability.  The  data  in  Figures  3- 
2 to  3-4  show  that  the  diffusion  of  KCl  into  the  phosphor  layer  during  post  deposition 
annealing  of  sputtered  ZnS:Mn  devices  dramatically  improves  the  EL  performance  in 
terms  of  brightness  and  efficiency.  Specifically,  the  brightness  improves  53%  on  average 
with  a 37%  increase  in  efficiency,  and  these  values  are  53%  and  62%  respectively  for  the 
best  device.  Figure  3-6  shows  that  there  is  no  change  in  chromaticity  with  KCl  doping. 

In  addition,  it  is  clear  from  Figure  3-21  that  the  inclusion  of  this  co-dopant  also  improves 
the  stability  of  the  device  over  time. 
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(a) 


Figure  3-21.  Brightness  vs.  voltage  curves  after  10  hour  aging  intervals  for  (a)  undoped 
(b)  and  KCl  co-doped  ZnS:Mn  devices. 
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The  goal  is  then  to  determine  the  fundamental  source  of  this  improved 
performance.  Based  on  the  modified  microstructure  in  these  devices  observed  by  Zhai,  in 
addition  to  the  role  of  alkali  halide  dopants  in  ZnS  presented  by  Waldrip  [96]  and  the 
explanations  therein  regarding  modified  microstructure  and  donor  doping,  several 
potential  mechanisms  for  increased  performance  must  be  discussed: 

• increased  conduction  charge 

• improved  optical  outcoupling 

• improved  radiative  relaxation  efficiency 

• improved  excitation  efficiency 

• more  efficient  charge  injection  due  to  a modified  phosphor/insulator  interface 

• modified  band  bending  due  to  carrier  trapping,  ionization  of  the  lattice,  impurity 
atoms,  or  defects,  or  the  lack  thereof 

• reduced  scattering  of  ballistic  electrons  by  defects  due  to  improved  microstructure 

Even  though  device  stability  is  not  the  focus  of  this  work,  it  is  important  that  the 
change  in  aging  behavior  be  consistent  with,  or  at  least  not  contradict,  the  mechanisms 
determined  to  alter  the  device  behavior. 

3.4. 1 Effects  of  Conduction  Charge  on  Device  Performance 

One  of  the  obvious  issues  to  consider  for  a brighter  device,  especially  when  the 
interfacial  microstructure  is  significantly  changed,  the  grain  size  is  larger  [77],  and 
known  donor  impurities  are  added  to  the  host,  is  whether  the  amount  of  conduction 
charge  has  increased.  Figure  3-14  shows  the  behavior  of  internal  or  conduction  charge 
with  the  phosphor  field,  and  conduction  charge  decreases  slightly  rather  than  increasing. 
However,  this  type  of  plot  can  be  misleading  for  the  purpose  of  comparing  conduction 
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charge  since  (1)  the  conduction  charge  is  related  to  the  voltage  relative  to  threshold, 
which  is  usually  not  the  same  for  different  samples,  and  (2)  the  capacitance  values  are 
adjusted  for  “ideal”  Q-Fp  characteristics  and  this  affects  the  magnitude  of  calculated 
conduction  charge.  For  this  analysis  it  is  more  reliable  to  use  the  Q-V  data  in  Figure  3- 
13,  which  upon  careful  inspection,  show  nearly  identical  amounts  of  conduction  charge. 
For  some  other  samples,  the  measured  conduction  charge  was  slightly  (w  20%)  larger  for 
KCl  codoped  samples. 

It  is  also  important  to  consider  the  experimental  factors  in  measuring  this  data. 
For  example,  information  regarding  conduction  charge  can  be  drawn  from  Figure  3-19, 
which  shows  the  relationship  between  Q'"‘max  and  Vmax  for  a different  set  of  samples. 
From  these  data,  at  40V  above  the  electrical  threshold  there  is  a 35%  increase  in  the 
amount  of  conduction  charge.  However  the  larger  slope  for  the  KCl  doped  samples 
shows  how  a careful  selection  of  applied  voltage  is  necessary  to  draw  specific 
conclusions  for  a set  of  samples  using  only  Q'"‘-Fp  data. 

The  most  important  point  to  consider  is  that  while  increased  conduction  charge 
would  be  expected  to  result  in  a corresponding  increase  in  brightness,  it  would  not 
explain  an  increase  in  efficiency  since  the  dissipated  power  would  increase 
concomitantly.  From  these  observations,  it  can  be  concluded  that  increased  conduction 
charge  would  explain  why  for  some  samples  the  increase  in  brightness  is  larger  than  the 
corresponding  increase  in  efficiency,  such  as  the  samples  for  which  data  are  shown  in 
Figure  3-4.  However  there  must  be  other  factors  causing  the  observed  increase  in  device 
efficiency. 
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3.4.2  ACTFEL  Device  Efficiency 

From  the  previous  section  it  is  clear  that  it  is  important  to  note  the  concomitant 
increase  in  both  brightness  and  efficiency,  which  are  very  similar  in  magnitude  for  the 
best  samples.  The  similar  magnitude  of  improved  performance  in  terms  of  both 
brightness  and  efficiency  suggests  that  the  underlying  cause  for  the  improved  behavior  is 
an  increased  efficiency  in  some  aspect  of  device  operation,  resulting  in  a corresponding 
improvement  in  brightness,  assuming  similar  drive  characteristics  and  dissipative  charge. 

Therefore  a more  detailed  discussion  of  device  efficiency  is  warranted.  It  is  easier 
to  consider  the  device  efficiency  by  separating  and  considering  individually  the  important 
aspects  of  device  operation.  Following  closely  the  approach  taken  by  Mach  and  Mueller 
[42]  the  most  useful  definition  for  device  efficiency  in  terms  of  analyzing  device 
processes  is  of  the  form 


photon  flux 

photons 

cm^s 

transferred  charge 

electrons 

cm^j' 

(3.1) 


It  is  useful  to  further  break  this  term  up  into  components,  namely 

7 (3.2) 

with  each  term  related  to  the  primary  processes  involved  in  ACTFEL  device  operation. 
More  specifically,  rjexc  is  the  efficiency  of  the  excitation  of  luminescent  centers  by  charge 
carriers,  or 


Vexc  = 


_ centers  excited  [cm'^  ] 
electrons  transferred  [cm'^  ] 


(3.3) 


Tiium  is  the  radiative  efficiency  of  excited  centers,  or 
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7/ 


um 


centers  deeaying  radiatively  [cm‘^  ] 
eenters  excited  [em'^  ] 


(3.4) 


and  r|opt  is  the  outcoupling  efficiency  of  the  emitted  photons  out  of  the  device,  or 

_ photons  emitted  through  the  surfaee  [cm'^  ] 
photons  generated  within  the  device  [cm'^  ] 

Eaeh  of  these  terms  can  be  discussed  with  respect  to  the  possible  meehanisms  for 
increased  brightness  and/or  effieieney  in  the  devices.  Note  that  both  pexc  and  rjopt  are 
related  to  the  deviee  length.  This  could  complicate  matters  when  there  is  a signifieant 
ehange  in  the  device  thickness  and  uniformity.  In  the  present  study,  samples  that  are 
compared  directly  are  always  taken  from  the  same  sputter  run. 


3 .4 .2 . 1 Outeoupling  efficiency 

It  is  obvious  that  an  increased  probability  for  photons  to  escape  the  deviee  in  the 
direction  of  the  viewer  (detector),  r)opt»  would  provide  a concomitant  increase  in  both 
brightness  and  effieieney.  To  a first  approximation,  assuming  flat  surfaces  and  no 
interferenee,  optical  outcoupling  from  a medium  with  higher  index  of  refraetion  {n  for 
ZnS  = 2.4)  to  one  of  a lower  index  {n  for  air  = 1 .0)  is  determined  by  SnelTs  Law; 

sin^i  = «2sin^2 

where  0i  is  the  angle  of  ineidenee  and  02  the  angle  of  the  transmitted  ray.  This  leads  to 
the  case  of  total  internal  refiection  for  02  = 90°  when  <9/  = 0cr.  For  ZnS  («  = 2.4)  0cr  is 
23.5°  which,  assuming  perfectly  reflecting  back  electrodes  (reasonable  for  our  deviees), 
leads  to  only  ~13%  of  the  generated  photons  escaping  the  device.  For  displays  that  use 
eontrast-enhaneing  dark  backing  layers,  this  effieieney  can  be  mueh  worse. 
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Outcoupling  efficiency  can  be  improved  by  lowering  the  index  of  refraction  of  the 
phosphor  layer.  For  this  analysis  we  can  use  the  approximation  k = where  k is  the 
dielectric  constant  of  the  material,  and  relate  the  relative  indices  of  refraction  to  the 
corresponding  dielectric  constants.  We  have  the  values  of  the  dielectric  constant  for  the 
total  device  in  the  sub-threshold  regime  of  Figure  3-14  for  (a)  the  KCl  co-doped  and  (b) 
undoped  samples,  respectively,  and  they  are  almost  exactly  the  same,  with  any  small 
difference  being  decreased  further  upon  conversion  to  the  index  of  refraction.  This 
implies  indirectly  that  the  critical  angle  for  internal  reflection  does  not  change  with  KCl 
codoping. 

A second  device  characteristic  that  could  increase  outcoupling  efficiency  is 
increased  surface  roughness,  which  would  reduce  internal  refection.  It  has  been  shown 
that  surface  roughness  can  result  in  a value  of  rjopt  in  the  range  of  0.1  - 0.4  [124].  For  a 
measure  of  this  possibility  we  use  the  diffuse  reflectance  of  the  device,  and  Figures  3-11 
shows  that  KCl  doping  does  not  increase  diffuse  reflectance  and  therefore  caimot  account 
for  increased  efficiency. 

3.4.2.2  Radiative  efficiency 

There  is  a simple,  often  overlooked  effeet  dealing  with  the  de-excitation  process 
by  which  the  luminous  efficiency  could  be  improved.  Attention  must  be  drawn  to  one  of 
the  significant  differences  between  the  unitless  efficiency  term  used  here  to  discuss  the 
device  operation  and  those  used  in  the  Results  section  to  describe  actual  device 
efficiency.  The  units  of  Im/W  are  those  most  commonly  used  in  the  display  and 
phosphor  community  because  of  their  practical  nature.  These  units  relate  luminous  flux, 
easily  measured  with  a spectrophotometer,  divided  by  power,  easily  measured  from  the 
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electrical  input  to  the  test  device.  But  it  should  be  noted  that  the  units  of  lumens  take  into 
account  V(>.),  the  pho topic  spectral  efficiency  of  the  standard  observer.  Therefore  a 
spectral  shift  can  result  in  an  increase  or  decrease  in  efficiency  when  using  these  units, 
even  though  the  radiated  power  does  not  change.  From  Figure  3-6  and  discussions 
above,  it  was  concluded  that  the  spectral  distribution  does  not  change  between  KCl 
codoped  and  undoped  samples  after  accounting  for  film  interference  effects.  Therefore  a 
chromaticity  change  is  not  responsible  for  the  improved  EL  properties. 

The  radiative  or  relaxation  efficiency  as  defined  above  is  a measure  of  the 
efficiency  with  which  excited  Mn  centers,  Mn*,  relax  radiatively  producing  a photon. 
Relaxation  efficiency  in  ZnS:Mn  devices  was  discussed  in  detail  by  J.  Benoit  et  al.  [45]. 
They  found  that  the  relaxation  efficiency  under  normal  ACTFEL  operation  is  determined 
by  two  mechanisms.  First  there  is  diffusion-limited  relaxation,  in  which  energy  is 
transferred  between  various  Mn  atoms.  This  is  a concentration-dependent  effect,  and  the 
concentrations  used  in  ZnSrMn  devices  are  above  the  concentration  threshold  for  this 
process  to  occur.  At  very  low  concentrations  the  diffusion  limited  relaxation  is  not 
significant,  and  the  relaxation  behavior  shows  characteristic  Mn*  relaxation  with  e""'  time 
dependence,  and  a time  constant  of  1.3  ms  for  hexagonal  ZnS.  However  at 
concentrations  used  in  ZnS:Mn  devices  the  diffusion-limited  energy  transfer  process 
leads  to  a modified  exponential,  exp(t/r)'",  behavior. 

The  second  limiting  process  is  excited  state  interaction  which  leads  to  non- 
radiative  decay.  This  process  appears  as  something  like  Mn*  + Mn*  ->  Mn**  followed 
by  emission  of  less  than  two  photons.  This  process  occurs  at  high  drive  conditions,  such 
as  those  used  in  ZnS:Mn  devices,  and  is  affected  by  both  activator  concentration  and 
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drive  level.  Benoit  et  al.  showed  that  with  increasing  drive  level,  there  is  a corresponding 
decrease  in  luminous  efficiency  due  to  the  excited  state  interaction  process.  By 
comparing  the  long-time  behavior  of  a heavily  doped  device  under  high  and  low  drive 
conditions,  Benoit  et  al.  showed  that  the  diffusion  limited  transfer  process  and  excited 
state  interaction  process  are  independent  of  one  another. 

In  Figure  3-7  it  can  be  seen  that  under  PL  excitation,  which  is  a low  excitation 
condition  due  to  the  forbidden  nature  of  the  Mn^^  — > ^T]  transition,  the  decay 

behavior  of  emission  is  identical  for  the  KCl  codoped  and  undoped  devices.  The  decay 
follows  the  modified  exponential  behavior  characteristic  of  the  diffusion  limited  transfer 
process.  This  leads  to  the  conclusion  that  the  addition  of  KCl  does  not  affect  the 
diffusion  limited  transfer  process.  Since  this  is  a primarily  concentration-dependent 
effect,  then  the  conclusion  can  be  drawn  that  the  KCl  codoping  does  not  affect  the 
number  of  active  Mn^^  ions  contributing  to  luminescence. 

Figure  3-9  shows  the  EL  decay  behavior  for  KCl  codoped  and  undoped  devices 
driven  at  40V  above  threshold.  It  should  be  noted  that  this  data  is  not  spectrally  selective, 
and  that  no  filters  or  monochromator  was  used  with  the  PMT.  This  high  drive  condition 
can  lead  to  the  occurrenee  of  both  non-radiative  processes  mentioned  above.  The  decay 
in  Figure  3-9  cannot  be  fit  by  exponential  decay,  modified  exponential  decay,  or  a 
combination  of  both.  Also  included  in  Figure  3-9  is  the  decay  behavior  for  an  undoped 
device  driven  at  threshold.  The  data  show  that  there  is  a small  differenee  in  the  decay 
behavior  with  and  without  KCl  codoping.  This  difference  is  seen  more  noticeably  in 
Figure  3-10,  which  shows  the  same  devices  on  a smaller  time  scale.  A more  rapid  decay 
after  the  voltage  is  removed  is  observed  for  the  KCl  doped  device  for  both  polarities. 
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The  decay  is  slightly  faster  for  the  undoped  device  when  the  A1  electrode  is  the  cathode 
than  when  the  ITO  is  the  cathode.  When  viewed  on  a longer  time  scale  it  is  shown  that 
the  decay  is  also  slightly  faster  for  the  KCl  doped  device  when  the  A1  electrode  is  the 
cathode  than  when  the  ITO  is  the  cathode.  In  addition  the  decay  of  even  the  un-doped 
device  at  V40  is  slightly  faster  than  at  threshold.  Assuming  the  threshold  decay  to  be  the 
maximum  luminous  efficiency  possible  for  these  particular  devices,  the  integrated 
intensity  from  the  normalized  decay  curves  can  be  used  to  compare  the  luminous 
efficiency  for  these  samples.  The  results  were  given  in  Table  3-2.  These  show  that  the 
luminous  efficiency  actually  decreases  for  devices  doped  with  KCl,  but  only  by  ~4%. 
Reduced  luminous  efficiency  is  the  expected  result  considering  the  excited  state 
interaction  process  which  has  been  shown  to  decrease  this  efficiency  as  excitation  is 
increased. 

From  these  observations  it  can  be  concluded  that  the  improved  performance  due 
to  the  addition  of  KCl  to  ZnS:Mn  devices  does  not  come  from  an  increased  luminous 
efficiency  nor  a shift  in  spectral  distribution.  In  fact,  a small  decrease  in  radiative 
efficiency  of  ~4%  can  be  attributed  to  excited  state  interaction  in  the  KCl  doped  devices. 

3.4.2. 3 Excitation  efficiency 

The  analysis  of  excitation  efficiency  is  not  quite  as  straightforward  as  the  other 
processes.  Excitation  efficiency  refers  to  the  number  of  excited  states,  in  this  case  Mn*, 
created  for  every  electron  transported  from  the  momentary  cathodic  phosphor/insulator 
interface  to  the  anodic  interface.  With  some  approximations  we  can  measure  the  relative 
excitation  efficiency  experimentally,  following  the  procedure  outlined  by  Zeinert  et  al. 
[63,  122].  Using  the  approximation  that  the  initial  brightness  of  a phosphor  after  an 
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excitation  pulse  much  shorter  than  the  decay  time  (so  that  the  extent  of  de-excitation  is 
negligible)  is  proportional  to  the  number  of  excited  states  generated  during  that  pulse, 
then  we  can  use  the  following  relationship: 

cone . excited  centers  B 

Vexc  = oc  — 22^-. 

no.  electrons  transported 

The  proportionality  consists  of  measurable  quantities,  although  the  measurement  of  Qi„t 
itself  contains  some  assumptions  and  approximations  (see  Section  2.8).  If  the  value  for 
Bmax/Qint  is  plotted  as  a function  of  maximum  applied  voltage  or  transported  charge,  then 
the  effect  of  excitation  efficiency  on  overall  device  performance  can  be  analyzed. 

Figures  3-15  and  3-16  show  how  these  quantities  were  measured  using  a 5 ps 
excitation  pulse.  Figure  3-17  shows  the  resulting  values  obtained  for  each  polarity  for  a 
KCl  co-doped  versus  an  undoped  sample  as  a function  of  voltage.  Several  observation 
can  be  made  from  the  data  in  Figure  3-17.  First,  the  excitation  efficiency  is  26%  higher 
when  the  ATO/ZnS  interface  is  the  cathode  both  with  and  without  KCl  doping.  Second, 
the  excitation  efficiency  is  ~75%  higher  for  the  KCl  doped  sample  than  for  the  undoped 
sample  for  both  polarities.  It  is  also  interesting  to  note  the  similarity  of  the  excitation 
efficiency  as  a function  of  voltage  and  the  overall  efficiency  versus  voltage,  such  as  that 
seen  in  Figure  3-2.  This  increased  excitation  efficiency  appears  to  be  the  primary  source 
of  improved  device  performance  from  the  addition  of  KCl,  as  discussed  further  below. 
However,  an  understanding  of  the  reason  for  the  improved  excitation  efficiency  is 
needed. 

As  discussed  by  Mach  and  Mueller  [42],  the  excitation  efficiency  can  be  further 
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lexc=n  excl  ho, 

where  Thot  is  the  efficiency  with  which  injected  electrons  are  accelerated  to  “hot” 
energies  sufficient  to  excite  a Mn  atom  by  direct  impact,  and  7’exc  is  the  efficiency  with 
which  the  hot  electrons  find  and  excite  the  Mn  dopants.  Mach  and  Mueller  argue  that 
since  the  impact  length,  of  electrons  at  normal  operating  fields  (for  1.5  MV/cm,  impact 
cross-section  ct  = 2 x lO"'^  cm^,  and  Nmh  = 1.5  x 10^^  [cm'^],  f « 330  nm)  is  much  larger 
than  the  length,  la,  over  which  a Ifeely  accelerating  electron  will  acquire  the  energy 
required  to  excite  a Mn^^  ion  (for  1.5  MV/cm  and  excitation  energy  2.5  eV,  la  = 17  nm), 
then  Thot » 1,  and  therefore  ^exc  can  be  assumed  to  be  equal  to  7’exc  7exc  would  then  be 
just  the  impact  length,  f,  which  is  determined  only  by  the  inverse  of  the  concentration  of 
Mn^"^  centers  times  the  impact  cross  section  of  the  Mn^"^  centers. 

The  estimated  concentration  of  (or  K'  for  an  interstitial)  and  Cf  ions  is 
estimated  as  1 x lO'^  [cm'^j,  as  compared  to  the  Mn  doping  concentration  of  1.5  x 10^° 

“3 

[cm  ].  So  the  effect  of  KCl  doping  on  7’exc,  or  more  specifically  a,  the  impact  cross 
section,  can  be  assumed  as  negligible.  But  since  T/exc  does  increase,  approximating  7’exc 
as  the  probability  of  impact,  (i.e.  assuming  an  impact  excitation  efficiency  of  unity), 
seems  incorrect.  The  assumption  of  the  probability  of  an  electron  being  hot  upon  impact 
seems  oversimplified  and  requires  further  examination.  In  Section  2.6.2  it  was  shown 
that  the  probability  of  an  electron  achieving  sufficient  energy  to  impact  excite  Mn^^  in 
ZnS  was  found  to  be  different  by  different  researchers,  but  in  all  cases  but  one  was  found 
to  be  significantly  less  than  unity. 

One  important  observation  from  Figure  3-10  is  that  there  is  no  evidence  of  trailing 
edge  excitation.  Therefore  any  processes  involving  Mn  ionization  and  electron  recapture 
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or  exciton  capture  and  energy  transfer  to  Mn^""  do  not  appear  significant.  This  supports 
the  idea  that  there  is  no  significant  change  in 

It  was  shown  in  Section  2.6.2  that  the  excitation  probability  increases  with  field. 
In  fact  it  was  shown  by  Bringuier  [24]  that  for  a given  external  voltage  (or  average 
phosphor  field)  excitation  efficiency  is  maximized  when  the  field  is  uniform.  Therefore 
the  effects  of  non-homogeneous  fields,  which  certainly  are  present  due  to  bulk  and 
interface  space  charge  [22,  26,  70,  76,  85,  125-128],  can  not  be  neglected.  It  appears  that 
the  observed  increase  in  excitation  efficiency  must  come  from  these  effects  which  alter 
the  efficiency  with  which  the  electrons  which  travel  from  one  phosphor/insulator 
interface  to  the  other  are  able  to  generate  Mn*. 

3.4.3  Modified  Interface  Microstructure 

The  characteristics  of  the  charge  injection  can  certainly  play  a role  in  the 
efficiency  of  the  device.  More  speeifically,  this  characteristic  can  modify  excitation 
efficiency.  It  has  been  shown  in  asymmetric  devices  where  charge  injection  occurs  at 
lower  fields  for  one  polarity,  and  of  course  the  same  amount  of  charge  flows  during  that 
polarity  than  for  the  opposite  one,  as  much  as  five  times  lower  emission  can  result  [16]. 
Charge  injected  below  the  threshold  field  necessary  for  efficient  excitation  is  simply 
dissipated  and  the  efficiency  is  lower. 

It  was  shown  that  the  bulk  microstructure  does  not  change  dramatically  [77,  96]. 
But  significant  change  does  occur  at  the  nucleation  surface  of  the  ZnS  layer  when  KCl  is 
added.  Grains  grow  and  become  columnar  rather  than  remain  as  small,  equiaxed  grains 
such  as  in  the  as  deposited  and  undoped,  annealed  films.  This  interface  modification 
could  result  in  the  improved  performance  seen  in  the  KCl  doped  vs.  undoped  films. 
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However  there  are  two  pieces  of  evidence  which  indicate  that  this  is  not  a factor  in  the 
case  of  KCl  co-doping.  The  strongest  is  the  data  in  Figure  3-17,  which  show  that  the 
improved  excitation  efficiency  is  of  similar  magnitude  for  both  polarities.  Second,  the 
relative  intensities  of  the  positive  and  negative  pulses,  shown  in  Figure  3-8,  are  similar 
for  the  co-doped  and  undoped  samples,  which  suggests  only  a minor  role  played  by  the 
nucleation  microstructure.  For  the  KCl  co-doped  sample  the  intensity  when  the 
ATO/ZnS  interface  is  the  cathode  becomes  14%  larger  than  for  the  other  polarity.  After 
averaging  the  two  polarities,  this  can  account  for  only  a 7%  improvement  in  brightness 
and  cannot  explain  the  ~50%  improvement  seen  for  the  efficiency. 

This  is  a truly  surprising  result  considering  the  dramatic  change  in  interface 
microstructure  after  doping  with  KCl  [77].  In  short,  it  implies  that  the  nature  of  the 
interface  does  not  have  a significant  role  in  the  improved  performance,  but  rather  that 
bulk  properties  of  the  ZnS  layer  are  responsible. 

3.4.4  Space  Charge  Effects 

Still  remaining  is  the  investigation  of  the  last  two  possible  mechanisms  for 
improved  excitation  listed  at  the  beginning  of  Section  3.4.  These  two  effects  are  an 
increased  electron  energy  distribution,  and  the  addition  or  removal  of  space  charge  in  the 
phosphor  bulk  by  ionization  and/or  carrier  trapping.  They  are  somewhat  related  and  will 
be  discussed  together.  However  both  require  an  introductory  discussion  of  the  current 
understanding  of  space  charge  in  EL  devices. 

One  of  the  least  understood  aspects  of  ACTFEL  devices  is  the  development  of 
band  bending  due  to  trapped  charge  in  the  phosphor  bulk.  There  is  compelling  evidence 
that  it  exists,  as  discussed  below.  However,  all  electrical  measurements  made  to  the  two- 
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terminal  devices  measure  only  external  quantities,  and  the  distribution  of  internal 
properties  through  the  thickness  of  the  phosphor  layer  cannot  be  determined  in  a 
straightforward  and  conclusive  manner. 

3. 4.4.1  Definitions  and  characterization 

The  topic  of  space  charge  requires  a brief  introduction  to  the  terminology  unique 
to  the  field  for  the  different  types  of  space  charge  and  how  each  may  manifest  itself 
First,  there  is  the  issue  of  field  clamping.  This  refers  to  the  development  of  a constant 
phosphor  field  at  or  near  the  voltage  at  which  significant  charge  injection  takes  place  in 
the  phosphor  film  (threshold  voltage),  due  to  development  of  an  opposing  field  created  by 
the  conducted  negative  charge  trapped  at  the  anodic  interface.  This  was  mentioned  in  the 
discussion  of  the  equivalent  circuit  model  in  Section  2.5.2.  Space  charge  is  simply  a 
distribution  of  charge  such  that  there  is  a local  net  negative  or  positive  charge  over  a 
particular  area.  In  the  normal  operation  of  an  ACTFEL  device  there  is  no  net  current 
across  the  insulators,  but  rather  just  the  movement  of  charge  from  one  phosphor  interface 
to  the  other.  Thus  every  time  an  electron  is  stripped  from  a ground  state  and  used  in 
conduction,  there  is  a separation  of  charge.  Under  normal  circumstances  the  electron  is 
transported  to  the  anode  with  the  positive  charge  remaining  at  the  cathode,  and  therefore 
the  field  lines  in  the  phosphor  do  not  bend  in  the  bulk  of  the  phosphor  because  no  charge 
is  trapped  there.  There  is  only  a net  reduction  in  the  applied  field  in  the  phosphor  layer. 

In  many  ZnS  devices,  when  the  threshold  field  for  electron  tunneling  is  reached,  the  field 
is  clamped  due  to  this  negative  feedback  field  from  the  conduction  charge.  This  field  is 
normally  observed  as  the  vertical  (B-C  and  G-H  in  Figure  2-14)  portions  of  a Qim-Fp  plot. 
If  lattice  impact  ionization  takes  place  creating  an  electron-hole  pair,  and  the  electron  and 
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hole  are  able  to  travel  freely  to  the  anode  and  cathode,  respectively,  then  these  electrons 
and  holes  also  contribute  to  field  clamping  and  result  in  no  net  band  bending  in  the 
phosphor  bulk. 

On  the  other  hand,  there  are  several  mechanisms  by  which  charge  can  be  trapped 
within  the  phosphor  layer,  which  results  in  a bending  of  the  field  lines  in  the  phosphor. 
Among  them  are  lattice  ionization  followed  by  hole  trapping,  as  well  as  either  field  or 
impact  ionization  of  defect  centers.  These  defect  centers  might  be  intentional  dopants 
such  as  Cl  substituted  on  an  S site  (Cls),  a K interstitial  (Kj),  or  Mn  substituted  on  a Zn 
site  (Mnzn),  or  might  be  unintentional  point  defects  such  as  vacancies  (Vzn  or  Vs)  or 
complexes  between  unintentional  and  intentional  point  defects.  In  the  case  of  lattice 
ionization  followed  by  hole  trapping  or  impact  ionization  of  impurities  there  is 
necessarily  a fixed  positive  charge  in  the  lattice,  assuming  the  ionizing  electron  reaches 
the  anode.  These  two  mechanisms,  namely  lattice  ionization  followed  by  hole  trapping 
vs.  trap-to-band  ionization,  are  significantly  different  in  terms  of  device  operation,  as  will 
be  discussed  shortly. 

The  terminology  typically  used  in  the  literature  distinguishes  between  “static” 
space  charge,  which  does  not  change  in  magnitude  over  times  in  the  range  of  the 
excitation  period,  and  “dynamic”  space  charge,  which  is  created  and  annihilated  on  the 
time  scale  of  the  excitation  frequency  [26].  More  recently  there  has  been  reference  to 
“fixed”  space  charge,  which  is  not  created  by  an  applied  voltage  and  for  steady  state 
operation  is  no  different  than  static  space  charge,  which  normally  builds  to  a steady  state 
after  some  short  period  of  operation  (usually  ~3-4  periods  of  voltage  [23,  129]). 


114 


There  are  several  techniques  used  to  identify  space  charge.  One  is  the  use  of 
dynamic  capacitance- voltage  (C-V)  plots  such  as  those  in  Figure  3-21.  Capacitance 
overshoot  at  tum-on  is  a conclusive  indication  of  dynamic  space  charge.  (Here 
capacitance  overshoot  is  defined  as  a rapid  increase  followed  by  a decrease  and  saturation 
of  at  higher  voltage.  In  some  literature,  any  increase  that  saturates  above  the  expected 
insulator  capacitance  is  called  an  overshoot,  but  that  terminology  is  not  used  here.)  The 
data  used  in  a C-V  plot  come  from  the  instantaneous  value  of  dQ/dV,  or  in  the  specific 
case  of  Figure  3-21,  from  i/(dV/dt).  Thus  overshoot  represents  a transient  period  when  a 
larger  amount  of  current  flows  through  the  phosphor,  but  only  for  a short  period  of  time, 
and  therefore  must  involve  a transient  current  flow  which  is  changing  on  the  time  scale  of 
the  excitation  pulse. 

A second  method  of  characterizing  space  charge  is  the  use  of  a Q®max-Vmax  or  a 
Q max"  V max  plot,  sometime  referred  to  as  a transferred  charge  capacitance  plot,  since  the 
slopes  are  characteristic  of  a capacitance  value.  In  a Q'"'max-Vmax  plot,  the  sub-threshold 
slope  is  essentially  zero  since  the  device  capacitance  is  subtracted  from  the  charge  values. 
If  there  is  no  conduction  charge  in  the  phosphor,  then  the  above  threshold  slope  in  a 
Q max'Vmax  plot  should  equal  the  insulator  capacitance.  Conduction  charge  would  yield 
an  increased  slope,  as  would  charge  multiplication.  However,  positive  spaee  charge 
would  yield  an  overshoot  at  threshold,  such  as  the  one  seen  for  the  no-KCl  device  in 
Figure  3-19.  This  is  due  to  the  larger  amount  of  injected  charge  than  would  be  expected 
based  on  the  assumption  of  an  average  field.  Unfortunately,  there  is  no  way  to 
distinguish  between  static  and  dynamic  space  charge  using  a Qmax-Vmax  plot.  If  there  is 
C-V  overshoot  it  can  only  be  concluded  that  there  is  at  least  some  dynamic  space  charge. 
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If  there  is  transferred  charge-capacitance  overshoot  and  no  C-V  overshoot,  then  static 
rather  than  dynamic  space  charge  exists. 

3. 4.4. 2 Origin  and  modeling  of  space  charge 

As  mentioned  previously,  space  charge  will  occur  any  time  there  is  conduction 
charge  in  a device.  However  we  are  only  interested  in  charge  which  is  stored  in  the 
phosphor  bulk  and  therefore  affects  the  field  distribution.  This  can  occur  due  to 
ionization  of  fixed  centers,  whether  they  are  intentional  dopants  or  point  defects.  Or  it 
can  occur  due  to  lattice  ionization  and  subsequent  hole  re-trapping. 

Because  external  data  cannot  easily  give  conclusive  data  regarding  the  internal 
field,  modeling  of  electrical  behavior  is  the  most  promising  technique  for  learning  about 
space  charge  and  its  variation  as  a function  of  time  and  space  [26].  However  many 
modeling  efforts  assume  an  average  field  across  the  phosphor,  neglecting  variations  of 
local  field  strength  [22,  68,  130].  An  excellent  review  of  modeling  efforts,  illustrated  by 
recent  results,  is  given  by  Hitt  et  al.  [26].  They  use  a model  in  which  the  phosphor  layer 
is  considered  as  a series  of  discrete  capacitors,  each  in  parallel  with  a voltage  dependent 
current  source.  This  is  shown  schematically  in  Figure  3-22.  The  current  sources  are  then 
mathematically  defined  to  account  for  tunneling  from  defect  states,  lattice  and  defect 
ionization  either  by  impact,  tunneling,  thermalization,  or  phonon-assisted  tunneling,  and 
field-  and  occupancy-  dependent  capture  of  electrons  and/or  holes  in  deep  traps.  The 
individual  layers  then  form  a system  of  first  order  differential  equations  which  can  be 
solved  numerically  and  determine  the  stored  charge  in  each  layer  as  a function  of  time. 
The  published  results  are  very  impressive  in  terms  of  the  ability  of  the  model  to  mimic 
measurable  external  properties  in  ZnS:Mn  devices. 
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Figure  3-22.  ACTFEL  device  equivalent  circuit  used  for  state-space  analysis.  The 
ACTFEL  device  is  modeled  assuming  ideal  top  and  bottom  insulators,  Cit  and  Cib, 
respectively,  with  the  phosphor  layer  divided  into  n layers,  each  modeled  as  a 
capacitance,  Cpk,  shunted  by  a current  density,  jk,  with  k representing  the  layer  number. 
Measurement  circuit  elements  also  included  in  the  model  are  the  driving  voltage  source, 
Vg,  the  series  resistance,  Rs,  and  the  sense  capacitor,  Cs,  which  is  shunted  by  the 
oscilloscope  resistance,  Rscope  [26]. 


Among  the  results  of  this  model  is  evidence  that  dynamic  space  charge  does  lead 
to  C-V  overshoot.  In  addition,  in  a second  type  of  model  using  a SPICE-based  circuit 
model.  Bender  et  al.  were  able  to  show  that  static  space  charge  could  account  for 
transferred  charge-capacitance  overshoot  [131]. 

Another  interesting  result  of  the  model  is  the  demonstration  of  the  very  different 
behaviors  of  lattice  ionization  followed  by  hole  re-trapping  vs.  trap-to-band  ionization  as 
sources  of  space  charge.  For  trap-to-band  ionization,  the  ionization  probability  is  highest 
in  the  high  field  regions  near  the  cathode.  This  ionization  leaves  behind  a positive 
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charge,  enhancing  the  local  cathodic  field,  which  essentially  yields  a positive  feedback  to 
the  tunnel  injection  process.  Since  the  charge  is  localized  at  the  cathode,  which  changes 
for  alternating  polarities,  the  space  charge  is  created  and  annihilated  with  each  pulse,  i.e. 
is  dynamic  space  charge  which  leads  to  C-V  overshoot. 

Lattice  ionization  and  hole  re-trapping  has  an  important  difference  compared  to 
trap-to-band  ionization.  The  lattice  ionization  is  also  most  efficient  in  the  high  field 
regions  near  the  cathode.  Hole  re-trapping  on  the  other  hand  is  most  efficient  in  the  low 
field  regions  farther  away  [26].  Therefore  the  space  charge  is  located  in  the  central 
portion  of  the  phosphor.  Since  the  charge  centroid  does  not  move  appreciably  for 
alternating  polarities,  trapped  charge  remaining  after  one  pulse  when  the  opposing  pulse 
is  applied  appears  as  static  space  charge. 

3.4.5  The  Role  of  KC1  in  7nS 
3.4.5. 1 Point  Defect  Structure 

Understanding  the  effects  of  K and  Cl  in  ZnS  on  the  electrical  properties  requires 
some  understanding  of  the  point  defect  structure.  Some  information  is  known  from  the 
literature  regarding  these  ions,  and  other  information  can  be  deduced.  The  intrinsic 
defects  which  are  believed  to  be  important  in  ACTFEL  device  operation  are  zinc 
vacancies,  estimated  to  have  a concentration  of  7 x 10‘^  cm’^  [85].  Quantitative  SIMS 
measurements  show  that  the  concentrations  of  K and  Cl  are  estimated  to  be  ~10'*  and 
10  cm' , respectively  [unpublished  data]. 

Cl  dopants  are  known  to  substitute  on  the  S site  in  ZnS,  creating  a donor  level 
0.25  eV  below  the  conduction  band  [92].  Zhai  has  shown  that  it  is  unlikely  that  Cl 
occupy  any  other  site  in  the  ZnS  lattice  due  to  its  size  [77].  SIMS  data  has  shown  that 
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there  is  approximately  one  order  of  magnitude  higher  concentration  of  Cl  in  the  lattice 
than  K [96].  Neglecting  K for  the  moment,  charge  equilibrium  must  be  established  due 
to  the  valence  mismatch  between  Cl  and  S.  Two  possible  mechanisms  are  available  to 
achieve  equilibrium.  One  is  to  move  the  Fermi  level  to  higher  energy  and  the  second  is 
to  compensate  for  the  charge  mismatch  with  another  defect.  Shih  et  al.  have  estimated 
that  as  donor  impurities  such  as  Cls  are  added  to  ZnS,  when  the  Fermi  level  reaches  just  2 
eV  (Eg  ~3.7  eV)  it  is  thermodynamically  preferable  to  create  charge  compensating 
vacancies,  in  this  case  Vzn,  than  to  move  the  Fermi  level  further  [76].  This  conclusion  is 
also  the  intuitive  one  for  the  devices  in  this  study  considering  the  defective  nature  of 
sputtered  ZnS  films.  So  considering  Cl  impurities  alone,  it  is  possible  to  compensate  for 
charge  mismatch  by  creating  one  fully  ionized  Vzn  for  every  two  Cls  in  the  lattice.  This 
agrees  with  the  assertion  proposed  by  Zhai  which  suggests  that  formation  of  Vzn  by 
adding  Cls  would  explain  the  observed  increase  in  dislocation  glide  and  climb  rates 
during  annealing  [77].  The  Cls  do  not  necessarily  remain  isolated  in  the  lattice.  There  is 
experimental  evidence  that  the  Cls  and  Vzn  form  Cls-Vzn  complexes,  yielding  a singly 
charged  acceptor  level  rather  than  the  doubly  charged  Vzn  level.  This  complex  can  then 
be  compensated  by  the  other  Cls  which  is  isolated.  This  type  of  charge  compensation  is 
shown  schematically  in  Figure  3-23.  Although  no  reports  of  it  were  found  in  the 
literature,  it  is  also  possible  that  some  of  the  defects  form  neutral  Cls-Vzn-Cls  clusters. 
These  would  be  expected  to  form  shallower  levels  and  would  be  harder  to  detect 
experimentally.  The  formation  of  these  complexes  would  not  preclude  those  mentioned 
above  which  have  been  detected  experimentally. 
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Figure  3-23.  Schematic  diagram  showing  the  point  defect  and  charge  compensation 
structure  expected  when  Cl  is  added  to  the  ZnS  lattice. 


The  role  of  K in  the  lattice  is  less  clear.  The  two  most  probable  sites  that  K would 
occupy  are  as  a substitute  for  Zn  on  the  cation  site,  and  as  an  interstitial  in  the  cubic 
phase  as  suggested  by  Zhai  [77].  In  the  sense  of  the  electrical  behavior  of  the  device  it  is 
not  critical  which  of  these  is  the  case.  As  mentioned  previously,  the  concentration  of  K 
was  shown  to  be  approximately  one  order  of  magnitude  lower  than  that  of  Cl.  If  the  K 
ions  are  incorporated  substitutionally,  they  would  act  as  electrical  acceptor  states.  They 
would  compensate  for  Cl  donor  levels  both  electrically  and  in  terms  of  lattice  charge,  and 
reduce  the  number  of  Zn  vacancies  generated  by  the  Cl  donors  by  a factor  of -10%.  On 
the  other  hand,  if  the  K ions  are  incorporated  interstitially,  they  would  act  as  electrical 
donors,  thus  behaving  similarly  to  the  Cl  donors  both  electrically  (assuming  the  donor 
levels  are  similar,  which  is  not  known)  and  in  terms  of  charge  compensation.  These  two 
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concepts  are  shown  schematically  in  Figure  3-24.  In  either  case  the  net  effect  would  only 
be  a fraction  of  the  effects  of  the  Cl  donors  which  are  more  abundant. 
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Figure  3-24.  Schematic  diagram  showing  two  possible  incorporation  sites  and  the 
resulting  charge  compensation  schemes  for  K in  ZnS. 


3.4.S.2  Effect  of  KCl  doping  on  space  charge  and  excitation  efficiency 

In  the  previous  section  it  was  shown  that  Cl  added  to  ZnS  is  likely  to  result  in  Vzn 
which  have  been  experimentally  shown  to  form  Vzn-Cls  complexes.  Analysis  of  the 
defect  levels  was  given  in  Section  2. 9.4.2.  To  summarize,  it  is  believed  that  the  defect 
energy  level  for  Cls  is  0.25  eV  below  the  conduction  band,  and  the  energy  levels  for 
Vzn^  , Vzn^,  and  Vzn-Cls  are  ~1.0,  0.44,  and  0.2  eV  above  the  valence  band,  respectively. 
The  addition  of  a relatively  large  concentration  of  Cl  and  K compared  to  the 
concentration  of  intrinsic  defects  should  result  in  clustering  of  a large  number  of  the 
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intrinsic  zinc  vacancies  with  Cl  or  K donors.  According  to  the  equation  for  tunneling 
from  a Dirac  well,  which  is  appropriate  for  discrete  states  [22],  the  emission  rate  for  a 0.5 
eV  trap  is  >10^  times  that  for  a trap  depth  of  1.0  eV.  These  traps  would  be  effectively 
destabilized  under  the  high  field  present  during  device  operation.  For  a hole  trap 
distribution  made  up  primarily  of  singly  ionized  Vzn-Cls  complexes  rather  than  doubly 
ionized  Vzn’s,  it  is  expected  that  the  space  charge  density  due  to  lattice  ionization 
followed  by  hole  re-trapping  would  be  reduced. 

A second  mechanism  by  which  the  space  charge  might  be  reduced  deals  with  the 
fact  that  trapped  charge  must  be  stable  during  the  time  between  voltage  pulses.  It  was 
mentioned  that  the  concentration  of  (Cl  + K)  is  on  the  order  of  lO'^  cm'^,  while  the 
concentration  of  intrinsic  vacancies  is  10*^  cm  A consequence  is  the  close  proximity  of 
electron  and  hole  traps  for  the  KCl  co-doped  films.  For  a uniform  distribution,  the 
distance  between  two  Vzn’s,  Ry-v,  is  ~24  nm.  For  a uniform  Cl  concentration  of  1 x 10*^ 
cm’\  Rci-ci  is  ~4.5  nm.  This  is  close  to  the  exciton  Bohr  radius  of  2.2  nm  in  ZnS  [132] 
and  would  result  in  more  efficient  annihilation  of  trapped  electrons  and  holes  under  low 
fields,  again  reducing  the  space  charge  density. 

Evidence  supporting  reduced  hole  trapping  comes  from  several  measurements. 
First,  there  is  no  evidence  of  C-V  overshoot  in  either  sample  (Figure  3- 14a  and  b),  which 
indicates  the  absence  of  a significant  amount  of  dynamic  space  charge.  Other  sputtered 
ZnS:Mn  devices  produced  during  this  work  have  shown  C-V  overshoot,  but  the  KCl 
doped  samples  did  not  significantly  change  the  magnitude  or  character  of  the  overshoot. 

In  addition,  the  transferred  charge-capacitance  overshoot,  an  indication  of  space  charge 
which  must  be  static  in  the  absence  of  C-V  overshoot  (Figure  3-19  for  sputtered  samples 
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with  and  without  KCl  and  in  Figure  3-21  for  an  evaporated  sample),  show  the  expected 
trend.  The  amount  of  overshoot  is  largest  for  the  sputtered  sample,  which  has  been 
shown  to  be  more  defective  relative  to  evaporated  films  [133].  The  evaporated  sample 
shows  less  overshoot,  while  the  KCl  doped  sample  shows  little  or  no  overshoot. 

A significant  piece  of  evidence  supporting  reduced  space  charge  is  a larger 
threshold  voltage,  which  was  shown  repeatedly  for  KCl  doped  samples  (Figures  3-2  and 
3-4).  The  mechanism  for  this  is  discussed  shortly. 

The  assertion  of  improved  excitation  efficiency  due  to  the  reduction  of  space 
charge  is  not  an  obvious  conclusion  and  must  be  discussed.  Improved  overall  efficiency 
and  excitation  efficiency  in  ZnS:Mn  devices  when  no  space  charge  is  present  has  been 
demonstrated  by  several  investigators.  In  one  case  [129]  this  was  achieved  by  electrically 
resetting  the  space  charge  in  a device  to  zero  by  using  a halogen  lamp  to  excite  trapped 
charge  into  the  conduction  or  valence  band.  This  technique  has  been  demonstrated  to 
effectively  reduce  stored  charge  in  the  device  [72,  129,  134,  135].  The  transient  electrical 
and  optical  behavior  was  then  studied  for  the  first  pulses  as  compared  with  those  at 
steady  state.  It  was  shown  that  the  overall  efficiency  was  in  fact  higher  for  the  first 
several  pulses,  before  static  space  charge  is  developed  for  the  steady  state.  A higher 
operating  voltage  was  also  observed  for  the  reset  devices.  In  other  work  [135]  “virgin” 
samples  (samples  which  have  not  been  operated)  were  used  to  demonstrate  higher 
excitation  efficiency  for  the  first  pulses  before  space  charge  develops.  And  finally  for 
ZnS:Mn  devices  [134]  and  for  SrS:Ce  devices  [72],  constant  UV  illumination  during  high 
voltage  excitation  is  used  to  reduce  space  charge  generation  by  depopulating  trapped 
carriers;  improved  excitation  efficiency  was  demonstrated  and  higher  operating  voltage 
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was  needed.  From  a mathematical  approach,  Bringuier  has  shown  that  for  a given 
applied  voltage,  the  most  efficient  excitation  is  achieved  for  flat  bands  (no  space  charge) 
[24].  Adding  the  fact  that  higher  voltages  are  needed  when  space  charge  is  reduced 
improves  the  excitation  further. 

The  mechanism  by  which  excitation  efficiency  is  increased  by  reducing  space 
charge  is  shown  schematically  in  Figure  3-25.  The  figure  on  the  left  shows  a schematic 
band  diagram  similar  to  what  is  usually  seen  in  the  literature  to  demonstrate  the  band 
bending  associated  with  space  charge.  A decrease  in  space  charge  has  the  effect  of 
flattening  the  bands  closer  to  the  flat-band  or  average  field  case.  However  a more 
accurate  depiction  of  the  case  in  ACTFEL  devices  is  shown  in  Figure  3-25  on  the  right 
hand  side.  This  figure  also  shows  a band  diagram,  but  instead  of  assuming  the  same 
average  field  for  two  different  magnitudes  of  space  charge,  an  identical  local  field  at  the 
cathodic  interface  is  assumed.  This  is  more  realistic  since  this  is  the  condition  that 
determines  the  onset  of  conduction  charge.  It  is  seen  in  Figure  3-25  that  a reduced 
amount  of  space  charge  results  in  an  increased  field  across  the  entire  phosphor  layer, 
particularly  in  the  anodic  region.  The  increased  field  and  extension  of  the  high  field 
region  to  a greater  depth  of  the  phosphor  layer  explains  why  the  excitation  efficiency  is 
higher  for  cases  in  which  space  charge  is  reduced.  It  also  would  result  in  increased 
charge  multiplication.  This  increased  field  across  the  phosphor  also  results  in  a higher 
average  (or  applied)  field,  represented  in  Figure  3-25  by  Va2  > Vai,  which  explains  the 
increased  threshold  voltage  measured  experimentally. 
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Figure  3-25.  Schematic  band  diagrams  showing  the  effect  of  positive  space  charge 
relative  to  (a)  a constant  average  field  and  (b)  a constant  cathode  field.  Note  that  the  case 
for  reduced  space  charge  at  a constant  cathode  field  results  in  increased  Vth. 

3.4.5. 3 Effects  of  KCl  on  conduction  charge 

One  of  the  interesting  characteristics  of  the  KCI  doped  devices  is  the  positive 
slope  above  threshold  in  the  C-V  behavior  (Figure  3-14a).  This  slope  is  consistent 
regardless  of  Vi^ax,  and  appears  to  intercept  the  origin.  To  investigate  the  source  of  this 
increasing  dynamic  capacitance,  a more  careful  look  at  the  measurement  technique  and 
data  interpretation  is  necessary.  The  capacitance  values  for  these  curves  are  calculated 
from  the  instantaneous  current  and  voltage  values  as: 

C = ?-^. 

[dt. 

The  capacitance  values  below  threshold,  where  there  is  very  little  conduction  current, 
closely  approximate  the  total  device  capacitance.  Above  threshold,  the  capacitance  can 
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only  be  as  large  as  the  insulator  capaeitance,  unless  there  is  additional  conduction  current. 
The  above  analysis  assumes  that  the  components  are  purely  capacitive.  If  on  the  other 
hand,  the  current  is  a function  of  voltage,  such  as  an  ohmic  resistance  where  V = iR,  then 
the  capacitance  values  will  be  given  by: 


V dt  ^ 

which  gives  a linear  voltage  dependence  to  the  calculated  capacitance.  Of  course  below 
threshold  where  there  is  no  conduction  current,  the  phosphor  layer  acts  as  a pure 
capacitor  as  expected.  However,  if  above  threshold  the  phosphor  layer  is  not  shunted  out 
of  the  circuit  as  assumed,  but  rather  limits  the  current  by  internal  resistance,  then  the 
behavior  for  the  KCl  doped  device  in  Figure  3-14  (a)  is  expected.  The  observed 
conduction  mechanism  can  be  said  to  be  ohmic,  since  other  conduction  mechanisms  such 
as  Schottky  or  Poole-Frenkel  conduction  would  not  extrapolate  to  the  origin.  Therefore 
from  this  plot  the  ohmic  resistance  value  was  measured  to  be  1.6  x 10^  Q-cm,  which  is 
several  orders  of  magnitude  lower  than  the  range  reported  for  ZnS  of  10^-1 0‘‘*  Q-cm 
[136].  This  could  be  explained  by  the  carriers  in  shallow  traps,  by  active  donors  in  the 
bulk,  or  could  also  be  attributed  to  a current  limitation  in  only  part  of  the  phosphor  layer. 
The  value  is  not  suggested  to  be  the  bulk  resistivity  of  the  ZnS  films,  but  rather  an 
effective  resistance  of  the  devices.  Limited  current  injection  is  normally  attributed  in 
ACTFEL  devices  to  either  insulator  capacitance  or  to  a small  density  of  states  which  is 
insufficient  to  completely  charge  the  capacitors.  The  presence  of  this  resistive  behavior 
is  an  indication  that  the  current  limit  in  this  device  is  due  to  the  bulk  phosphor  resistance, 
a situation  which  has  not  been  previously  observed.  This  resistive  behavior  is  possible 
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because  of  the  large  amount  of  electron  multiplication  or  the  ionization  of  donors  as 
discussed  earlier  and  seen  in  the  C-V  and  Q'"‘max-Vmax  behavior. 


CHAPTER  4 

Zn2Ge04:Mn  ACTFEL  DEVICES 
4.1  Introduction 

The  most  commonly  used  and  most  comprehensively  studied  ACTFEL  phosphor 
hosts  are  sulfur-based  compounds.  Oxide  compounds  have  not  been  as  extensively 
investigated  because  of  the  general  requirement  for  higher  processing  temperatures  to 
achieve  good  crystallinity  in  oxides,  and  the  empirical  observation  that  they  are  not 
capable  of  transporting  a significant  current  density  of  hot  electrons  [3].  Recent  work  on 
several  oxide-based  phosphor  systems  which  indicates  that  some  oxides  may  in  fact  be 
excellent  candidates  for  ACTFEL  displays  has  led  to  renewed  interest  in  the  potential  of 
oxide  ACTFEL  phosphors  [20], 

Advances  in  blue  emitting  ACTFEL  phosphors  have  resulted  in  a need  for 
brighter,  more  efficient  green  emitting  phosphors.  Coincidentally,  the  best  performing 
oxide  based  phosphors  are  green-emitting  phosphors  [20].  This  has  led  to  the  current 
investigation  of  Zn2Ge04:Mn  as  a potential  oxide  phosphor  material. 

A brief  analysis  of  microstructure/stoichiometry/morphology  was  performed 
which  demonstrates  the  onset  of  crystallization  between  600  and  700°C,  which  is 
consistent  with  reports  in  the  literature.  Optical  characterization  was  performed  to  reveal 
an  optical  bandgap  of  4.68  eV  for  Zn2Ge04:Mn  thin  films,  as  well  as  a defect  state  with  a 
depth  of  615  meV.  Efficient  energy  transfer  from  this  state  to  the  Mn^"^  excited  state  was 
observed.  Transient  electrical  and  optical  measurements  reveal  anomalous  behavior. 
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The  behavior  is  explained  by  a combination  of  slow  onset  of  conduction  current, 
tentatively  attributed  to  the  phosphor  RC  time  constant,  an  unusually  large  amount  of 
dynamic  space  charge  near  the  cathode,  and  nearly  resonant  energy  transfer  from  defect 
to  Mn*  are  used  to  explain  the  observed  phenomena. 

In  Section  4.2  the  experimental  procedure  for  this  study  is  presented.  Section  4.3 
presents  the  results  of  the  study,  and  in  Section  4.4  the  results  are  discussed. 

4.2  Experimental  Procedure 

ACTFEL  devices  with  the  standard  MISIM  device  structure  were  fabricated  using 
RF  magnetron  sputtering  to  deposit  the  Zn2Ge04:Mn  phosphor  layer.  The  procedure  is 
similar  to  that  described  in  Section  3.2.  A process  flow  diagram  is  shown  in  Figure  4.1, 
and  the  details  of  the  individual  step  are  given  in  this  section.  Two  different  sets  of 
experiments  were  used  in  this  study  using  independent  sputter  targets  and  deposition 
systems.  One  set  of  samples  was  fabricated  using  equipment  at  Planar  Systems,  Inc.  The 
second  was  performed  at  the  University  of  Florida.  For  the  sake  of  simplicity,  samples 
from  the  first  set  of  experiments  will  be  referred  to  herein  as  “Planar”  samples,  and  the 
second  set  as  “University  of  Florida”  or  just  “UF”  samples. 

4.2. 1 Substrate  Preparation 

The  substrates  for  the  Planar  samples  consisted  of  NEG  glass,  which  allows 
higher  temperature  processing  than  standard  soda-lime  or  Coming  7059  glass.  Softening 
of  the  glass  substrate  was  observed  after  annealing  at  860°C  for  2 minutes.  However  for 
evaluation  purposes,  the  devices  did  not  show  any  noticeable  degradation  due  to  this 
softening.  For  the  UF  samples  Coming  7059  glass  was  used.  For  both  experiments  the 
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transparent  electrode  was  ITO  deposited  by  an  outside  vendor.  The  bottom  dielectric  was 
ATO  deposited  by  atomic  layer  deposition  (ALD)  by  Planar  Systems,  Inc.  Prior  to 
phosphor  deposition  the  substrates  were  cleaned  with  methanol  followed  by  an  ozone 
clean  for  six  minutes  to  remove  organic  residuals. 


Figure  4- 1 . Process  flow  diagram  for  the  preparation  of  Zn2Ge04:Mn  ACTFEL  devices. 
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4.2.2  Sputter  Target  Preparation 

Three  different  sputter  targets  were  used  for  these  experiments.  The  two  sputter 
targets  used  for  the  Planar  samples  were  prepared  at  Samoff  Labratories,  Inc.  and  details 
of  the  preparation  are  not  available.  These  two  targets  consisted  of  non-stoichiometric 
Zn2Ge04:Mn,  with  excess  Ge02  added  to  the  starting  powder.  The  Zn:Ge  ratio  in  the 
starting  material  was  3:2  rather  than  the  stoichiometric  ratio  of  2:1.  In  addition  1.5%  Mn 
(relative  to  Zn)  was  added  as  the  activator.  One  of  the  targets  also  had  a small  amount  of 
Sn02  added  to  the  starting  material.  The  excess  Ge02  was  added  due  to  improved 
performance  seen  in  Zn2Si04:Mn  when  excess  Si02  is  added  [93].  The  incorporation  of 
Sn02  is  believed  to  result  in  deep  level  traps,  and  the  effects  of  these  traps  were  to  be 
investigated  [93].  The  no-Sn02  and  Sn02-doped  targets  were  2”  and  3”  in  diameter, 
respectively. 

The  target  used  to  deposit  the  UF  samples  was  fabricated  by  solid  state  reaction. 
The  starting  materials  were  ZnO,  Ge02,  and  Mn02,  all  99.999%  pure  (metal  basis) 
Puratronic®  from  Alfa  Aesar.  The  powders  were  weighed  and  combined  for 
stoichiometric  Zn2Ge04  with  1.5%  (Zn-substituted)  Mn.  The  powder  mixture  was  ball 
milled  in  acetone  for  18  hours  and  dried  by  evaporation  on  a hot  plate.  The  powder  was 
then  fired  in  air  at  800°C  for  16  hours. 

After  firing  and  re-crushing  the  powder  using  a mortar  and  pestle,  the  powder  was 
uniaxially  pressed  at  room  temperature  into  a 3 1 .75mm  diameter  pellet.  The  pellet  was 
sintered  at  1050°C  in  air  for  6 hours.  The  sintered  pellet  was  shaped  into  a 1”  diameter 
target  and  mounted  to  an  aluminum  backing  plate. 
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4.2.3  Device  Fabrication 

The  device  structure  for  standard  experiments  was  the  conventional  MISIM 
structure  using  the  ITO/ATO  layers  on  the  substrate  as  the  bottom  electrode  and 
insulator,  respectively.  This  structure  was  discussed  and  illustrated  in  Section  2.4.1. 

4.2.3. 1 Planar  samples 

The  sputter  sources  were  built  by  AJA  International,  and  the  chamber  was  a 
custom  built  turbo  pumped  system  with  a base  pressure  ~1  x 10  ^ torr.  The  samples  were 
on  the  perimeter  of  a rotating  stage  and  each  sample  passed  underneath  the  sputter  gun 
one  time,  similar  to  a linear  pass.  The  sputter  gas  was  a 60/40  mixture  of  Ar/He,  with  O2 
added  for  some  experiments.  Deposition  parameters  such  as  pressure,  O2  partial 
pressure,  substrate  temperature,  and  sputter  power  were  varied  in  the  range  given  in 
Table  4-1  to  improve  the  brightness  and  efficiency. 

The  phosphor  layer  thickness  varied  from  200  to  800  nm,  but  was  typically  -400 
nm  thick.  After  deposition  of  the  phosphor,  the  samples  were  typically  annealed  in  an 
RTA  furnace  with  a N2  ambient.  Occasionally  the  samples  were  annealed  in  a muffle 
furnace  in  air. 


Table  4-1.  Range  and  best  value  of  processing  parameters  used  for  the  phosphor  layer  in 
the  Planar  Zn2Ge04:Mn  samples. 


Processing  parameter 

Range  investigated 

Best  conditions 

Sputter  pressure 

5-35  mTorr 

20  mTorr 

O2  partial  pressure 

0-6  mTorr 

6 mTorr  (extremum) 

RF  power  (2”  target) 

60-100  W 

100  W (extremum) 

Substrate  temperature 

150-300  °C 

250  °C 

RTA  temperature 

600-860  °C 

860  °C  (extremum) 
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The  top  insulator  was  barium  tantalate  (BaTa206,  or  BTO),  and  was  deposited  by 
RF  magnetron  sputtering.  This  layer  was  typically  250  nm  thick.  The  top  A1  electrode 
was  then  deposited  by  e-beam  evaporation,  and  was  100  nm  thick. 

4.2.3.2  University  of  Florida  samples 

The  phosphor  layer  sputter  sources  were  built  by  AJA  International,  and  were  1” 
in  diameter.  The  system  was  a cryo-pumped  system  with  a base  pressure  ~1  x 10"^  torr. 
The  system  was  built  by  MRC,  but  with  significant  modification  to  allow  the  addition  of 
the  AJA  sputter  sources.  The  sputter  conditions  were  based  on  the  results  of  the 
parameter  study  with  the  Planar  samples.  The  most  critical  difference  between  the 
systems  is  that  the  UF  system  did  not  allow  substrate  heating  during  deposition,  and  there 
was  no  sample  motion.  The  standard  deposition  conditions  are  given  in  Table  4-2. 


Table  4-2.  Standard  processing  conditions  used  for  the  phosphor  layer  in  the  UF 
Zn2Ge04:Mn  samples.  


Deposition  parameter 

Value 

Ar  flow 

70  seem 

O2  partial  pressure 

4.5  mTorr 

Sputter  pressure 

15  mTorr 

RF  power 

20  W 

Substrate  temperature 

Unheated 

RTA  temperature 

800°C 

The  top  insulator  for  the  UF  samples  was  BTO,  and  was  deposited  by  RF  diode 
sputtering.  This  layer  was  typically  250  nm  thick.  The  top  A1  electrode  was  then 
deposited  by  thermal  evaporation,  and  was  100  nm  thick. 
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4.2.4  Device  Characterization 

4.2.4. 1 Microstructural  and  chemical  characterization 

X-ray  diffraction  was  performed  on  both  target  powders  and  phosphor  thin  films 
using  a Philips  APD  3720  powder  diffractometer,  employing  Cu-Ka  radiation  at  40  kV 
excitation  and  20  mA  current.  A continuous  scan  of  20  with  a scan  rate  of  0.020  deg/s 
was  used  for  all  samples. 

For  the  Planar  samples  film  thickness  was  measured  using  optical  interference  in 
transmission  mode  for  a film  deposited  on  a bare  glass  substrate.  For  the  UF  samples 
phosphor  film  thickness  was  measured  and  deposition  rate  was  monitored  by  measuring  a 
masked  edge  in  the  center  of  the  sample  using  a Tencor  AlphaStep  profilometer.  Film 
thickness  variation  in  both  studies  was  shown  to  be  <10%  across  the  useful  portion  of  the 
substrate. 

Scanning  electron  microscopy  (SEM)  was  performed  using  a JEOL  6400 
microscope  at  15kV  primary  beam  energy.  The  samples  were  coated  with  a thin  layer  of 
carbon  to  prevent  charging.  On  the  same  system  energy  dispersive  spectroscopy  (EDS) 
was  performed  using  a Princeton  Physics  detector.  Digital  imaging  and  EDS  data  was 
collected  using  a LinkISIS  data  collection  system. 

4.2. 4.2  Optical  characterization 

Optical  scattering  was  measured  using  a different  technique  than  that  described  in 
Chapter  3.  The  technique  measured  scattering  of  a 620  nm  HeNe  laser  source.  The 
sample  was  place  on  the  entrance  aperture  to  a 4”  integrating  sphere.  The  beam  was 
aligned  so  that  after  passing  through  the  sample  it  struck  the  wall  of  the  sphere.  This  was 
considered  to  be  a case  of  perfect  scattering  and  was  used  as  the  calibration  value  as 
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measured  by  a photometer.  The  sphere  was  then  re-aligned  so  that  after  passing  through 
the  sample  the  unscattered  portion  passed  through  a small  exit  aperture.  The  intensity 
inside  the  sphere  as  measured  by  the  photometer  was  then  recorded  as  the  scattered 
intensity  and  scattering  was  calculated  as  the  ratio  of  scattered  intensity  to  the  calibration 
value  for  perfect  scattering. 

Photoluminescence  (PL)  and  photoluminescence  excitation  (PLE)  spectra  were 
collected  using  a Photon  Technology  International  integrated  PL  system  that  used  a 
150W  Xe  lamp  source  for  excitation  and  double  % m monochromators  for  both  excitation 
and  detection. 

Electroluminescent  brightness  and  efficiency  vs.  voltage  data  were  collected  on 
the  Planar  samples  using  a Pritchard  spectrophotometer  as  well  as  a current  meter.  The 
excitation  voltage  was  provided  by  a high  voltage  driver  that  supplies  a trapezoidal 
waveform  with  a 5 ps  rise,  30  ps  dwell,  and  5 ps  fall  time,  operating  at  60  Hz.  The  same 
driver  was  used  for  the  UF  samples,  but  brightness  was  measured  using  a Photoresearch 
PR-650  spectrophotometer. 

Time-dependent  and  spectrally  selective  EL  emission  data  were  collected  using  an 
Oriel  77000  single  grating  l/4m  monochromator  and  a Si-based  photomultiplier  tube 
(PMT).  The  PMT  output  was  measured  using  a IkQ  bridge  resistor  and  a Tektronix  TDS 
510A  digitizing  oscilliscope. 

Electrical  data  was  collected  using  a standard  Sawyer-Tower  bridge  circuit  similar 
to  that  shown  in  Figure  2-10,  using  either  a 100  Q resistor  or  a 30  nF  capacitor  as  the 
sense  element.  Data  was  collected  using  a Tektronix  TDS  510A  digitizing  oscilliscope. 
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Some  time-resolved  measurements  were  performed  using  a variable  capacitor 
bridge,  similar  to  the  one  shown  in  Figure  2-9.  The  high  voltage  waveform  was  obtained 
from  an  arbitrary  waveform  generator  and  high  voltage  amplifier.  The  voltage  and 
conduction  current  were  measured  on  a Tektronix  digitizing  oscilloscope.  The  transient 
light  output  was  measured  with  spectral  selectivity  using  a monochromator  and  Si-based 
photomultiplier. 


4.3  Results 

4.3.1  Planar  Samples 

4. 3. 1.1  Device  properties 

Basic  EL  performance  data,  namely  brightness-voltage  (B-V),  efficiency-voltage 
(E-V),  and  chromaticity,  were  collected  for  all  samples.  The  best  device  values  were  L40 
= 74  cd/m^,  E40  = 0.19  ImAV,  and  CIE  x = 0.300  and  y = 0.664.  The  diffuse  scattering 
for  all  samples  was  <1%.  The  B-V  behavior  was  primarily  characterized  by  leaky 
subthreshold  tum-on,  very  rapid  increase,  followed  by  B-V  saturation.  A set  of  B-V  and 
E-V  characteristics  is  shown  in  Figure  4-2. 

4. 3. 1.2  Parameter  study 

Fifty-four  runs  were  completed  using  the  two  targets  during  the  Planar  study. 
Many  of  the  EL  performance  results  are  not  conducive  to  systematic  analysis  due  to 
modifications  made  to  the  system  during  the  study.  However,  the  trends  observed  while 
systematically  changing  processing  conditions  will  be  given  in  this  section.  The 
complete  set  of  results  is  given  in  Appendix  B.  For  plots  of  phosphor  brightness  versus 
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any  particular  parameter,  the  samples  were  processed  under  identical  conditions,  other 
than  the  independent  variable  for  that  plot. 


Figure  4-2.  B-V  and  E-V  characteristics  of  a Planar  Zn2Ge04:Mn  sample. 

The  correlation  between  EL  characteristics  and  phosphor  thickness  was  studied. 

A plot  of  the  brightness  value  at  40  V above  threshold,  B40,  versus  phosphor  thickness  for 
samples  otherwise  processed  identically  is  shown  in  Figure  4-3.  The  B40  values  are 
approximately  linear  up  to  ~600  nm.  The  value  for  a phosphor  thickness  of  ~800  nm  is 
less  than  expected  according  to  the  linear  relationship.  Most  of  the  samples  fabricated 
during  this  study  had  a thickness  of  ~400  nm.  Therefore,  for  the  sake  of  simple 
comparisons,  the  data  presented  in  the  remainder  of  this  section  is  normalized  for 
brightness  to  a value  of  400  nm. 


137 


Figure  4-3.  B40  versus  phosphor  thiekness.  The  values  are  approximately  linear  up  to 
~600  nm. 

The  effect  of  oxygen  added  to  the  sputter  gas  was  studied.  The  B40  values  as  a 
function  of  O2  partial  pressure  in  the  sputter  gas  are  shown  in  Figure  4-4a  for  samples 
with  no  tin  added,  and  in  Figure  4-4b  for  samples  with  tin.  It  should  be  noted  that  the 
total  sputter  pressure  for  each  of  these  samples  was  not  always  the  same,  and  varied  from 
20-35  mTorr.  It  is  evident  from  Figure  4-4  that  for  both  targets,  some  oxygen  added  to 
the  sputter  gas  is  necessary  for  reasonable  performance.  It  also  appears  that  a maximum 
B40  value  has  not  been  reached,  though  further  studies  at  even  higher  O2  partial  pressures 
would  be  required  to  verify  this. 

The  effect  of  RF  power  was  investigated.  Figure  4-5  shows  the  relationship 
between  B40  and  RF  power  for  no-tin  and  tin  added  samples.  The  targets  were  not  the 
same  size,  so  the  power  density  must  be  considered.  The  target  with  no  tin  had  a 2” 
diameter,  and  the  target  with  tin  had  a 3”  diameter.  Regardless,  the  performance  of  these 
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samples  is  not  strongly  dependent  on  sputter  power;  for  both  targets  an  intermediate 
value  was  best.  The  samples  with  no  tin  added  are  less  dependent  on  the  sputter  power. 


t 

♦ 

♦ ♦ 


♦ 

♦ 

(a) 


-I H 1 1 1 

2 3 4 5 6 7 

O2  Partial  Pressure  (mTorr) 


50  - 


40  - 


30 


.a 


o 20 
z 


10 


Figure  4-4.  B40  versus  O2  partial  pressure  for  samples  (a)  without  and  (b)  with  tin  added. 
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Figure  4-5.  B40  and  E40  versus  applied  RF  sputter  power  for  both  no-tin  and  tin  added 
samples. 


Sputter  pressure,  the  chamber  pressure  during  sputter  deposition,  was  briefly 
investigated.  Two  different  sputter  pressures  were  used  for  each  target.  The  results  are 
shown  in  Figure  4-6.  For  both  targets  the  higher  pressure,  20  mTorr,  gave  better  results 
than  the  lower  pressure,  5 mTorr.  However,  further  investigation  is  required  for  process 
optimization. 
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Figure  4-6.  B40  and  E40  at  two  different  sputter  pressures. 


The  effect  of  substrate  temperature  during  deposition  was  investigated.  The 
results  are  shown  in  Figure  4-7.  The  data  show  that  the  intermediate  substrate 
temperature,  250°C,  resulted  in  the  best  performance  for  samples  with  and  without  tin. 
Once  again,  the  samples  with  tin  were  more  sensitive  to  this  parameter. 

The  effect  of  RTA  temperature  on  device  performance  was  investigated.  The 
results  of  this  study  are  shown  in  Figure  4-8.  The  RTA  time  was  2 minutes  for  all 
temperatures  used.  The  onset  of  luminescence  occurs  between  600  and  650°C.  It  is  not 
clear  from  this  data  whether  there  is  a gradual  increase  in  brightness  with  RTA 
temperature,  or  whether  the  improvement  occurs  in  discrete  steps.  Further  experiments 
are  required  to  make  a determination.  It  should  be  noted  that  the  change  in  brightness 
after  increasing  the  RTA  temperature  from  810°C  to  860°C  is  not  representative  of  the 
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rest  of  the  data.  This  can  be  seen  from  the  data  in  Appendix  B.  Typically  an 
improvement  of  ~20%  in  brightness  by  increasing  the  RTA  temperature  from  810°C  to 
860°C  was  seen.  However,  improvements  of  0%  to  100%  were  observed. 


Figure  4-7.  B40  and  E40  values  for  various  substrate  temperatures  during  phosphor 
deposition. 


4.3.2  UF  Experiments 
4.3.2. 1 Target  preparation 

During  target  preparation,  routine  characterization  techniques  were  used  to 
monitor  the  characteristics  of  the  target  material.  Figure  4-9  shows  x-ray  diffraction 
spectra  from  ball-milled,  unfired  target  powder  and  from  the  sintered  target,  indicating 
complete  transformation  to  Zn2Ge04,  without  a large  amount  of  amorphous  phase.  An  x- 
ray  diffraction  scan  of  pre-sintered  powder  also  showed  conversion  to  Zn2Ge04.  Figure 


142 


4-10  shows  a PL  spectrum  from  the  sintered  target  excited  by  a handheld  UV  lamp.  The 
spectrum  shows  the  characteristic  green  emission  of  the  "*Ti  —>  ^Ai  transition  from  Mn^^ 
in  Zn2Ge04  with  its  peak  wavelength  at  537  nm.  The  small  features  at  -405  nm  and  630 
nm  are  artifacts  from  the  UV  lamp. 
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Figure  4-8.  B40  values  as  a function  of  RTA  temperature.  All  RTA  conditions  were  for  2 
minutes. 

43.2.2  Sputtered  Zn2Ge04  microstructural  and  chemical  characterization 

The  crystallinity  of  some  films  from  the  UF  study  was  investigated  using  x-ray 
diffraction  for  a range  of  RTA  temperatures.  All  films  were  annealed  for  2 minutes  in 
flowing  N2.  The  results  are  shown  in  Figure  4-11.  The  variation  with  RTA  temperature 
of  the  full-width  at  half-maximum  (FWHM)  of  the  Zn2Ge04  (006)  peak  is  shown  in 
Figure  4-12.  There  was  no  (006)  peak  present  in  the  as-deposited  film. 
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Figure  4-9.  X-ray  diffraction  spectra  for  unfired  target  powder  and  Zn2Ge04:Mn, 
indicating  the  diffraction  planes  and  relative  intensities  given  in  JCPDS  file  #11-0687  for 
Zn2Ge04  rhombohedral  phase. 


Figure  4-10.  PL  spectrum  from  Zn2Ge04:Mn  target  excited  by  a handheld  UV  lamp. 
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Figure  4-11.  X-ray  diffraction  spectra  for  Zn2Ge04:Mn  thin  films  annealed  at  a range  of 
temperatures.  All  anneals  were  for  2 minutes  in  flowing  N2.  Selected  diffraction  planes 
from  rhombohedral  Zn2Ge04  (JCPDS#1 1-0687)  are  indicated  by  the  arrows. 


Figure  4-12.  Variation  of  FWHM  of  the  (006)  diffraction  peak  with  RTA  temperature. 
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Scanning  electron  micrographs  were  collected  to  analyze  the  evolution  of  surface 
morphology  with  annealing.  Figure  4-13  shows  surface  micrographs  for  samples 
annealed  at  a)  600,  b)  700,  and  c)  800°C,  respectively.  Figure  4- 13d  shows  a cross- 
section  view  of  a sample  annealed  at  850°C,  with  the  underlying  ATO,  ITO,  and  glass 
substrate  apparent.  The  micrographs  show  that  all  of  the  surfaces  are  relatively  smooth, 
with  rounded  surface  features.  There  is  little  or  no  increase  in  the  size  or  shape  of  the 
surface  features  at  higher  RTA  temperatures. 


Figure  4-13.  SEM  micrographs  of  the  surface  morphology  of  samples  annealed  at  (a) 
600°C,  (b)  700°C,  and  (c)  800°C,  and  (d)  a cross-sectional  view  of  a sample  annealed  at 
850°C. 

Energy-dispersive  spectroscopy  (EDS)  was  used  to  measure  the  composition  of 
the  films.  The  oxygen  content  could  not  be  analyzed  due  to  the  underlying  oxide  layers. 
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which  confound  the  quantification  routine.  However,  the  relative  amounts  of  Zn,  Ge,  and 
Mn  could  be  analyzed,  and  the  results  are  given  in  Table  4-3.  The  Zn/Ge  ratio  is  fairly 
consistent,  showing  a slight  increase  at  850°C.  The  Mn  concentration  is  very  close  to  the 
expected  1.5%  relative  to  Zn  for  the  600  and  700°C  annealed  samples.  The  concentration 
for  the  850°C  sample  is  about  an  order  of  magnitude  lower  at  0.2%. 


RTA  Temperature  (°C) 

Zn/Ge  Ratio 

Mn/Zn  ratio 

600 

0.99 

0.013 

700 

0.99 

0.016 

850 

1.04 

0.002 

4. 3.2. 3 Optical  characterization 

Photoluminescence  (PL)  and  photoluminescence  excitation  (PLE)  spectra  for  a 
Zn2Ge04:Mn  thin  film  are  shown  in  Figure  4-14.  The  PLE  spectrum  was  measured  by 
monitoring  at  540  nm,  and  the  PL  spectrum  used  25 1 nm  excitation.  The  PL  emission 
spectrum  shows  the  characteristic  green  emission  of  Zn2Ge04:Mn  with  a maximum  at 
535  nm.  The  PLE  spectrum  shows  a broad  absorption  band  with  a maximum  at  310  nm 
and  a higher  energy  absorption  band.  More  detailed  analysis  of  the  high  energy 
absorption  is  shown  in  Figure  4-15.  Traditional  absorption  spectra  cannot  be  measured 
from  these  devices  due  to  absorption  from  the  ITO  and  glass  layers.  Because  there  is 
efficient  transfer  from  the  host  lattice  into  the  Mn^^  excited  state  (this  is  discussed  in 
Section  4.4.2.2),  the  excitation  into  the  host  lattice  is  used  to  approximate  a standard 
absorption  measurement.  The  spectrum  in  4-14  is  plotted  as  the  absorption  (excitation) 
squared  versus  energy,  and  reveals  an  optical  band  gap  for  Zn2Ge04:Mn  of  4.68  eV. 
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Figure  4-14.  PL  (dashed  line)  and  PLE  (solid  line)  speetra  for  a Zn2Ge04:Mn  thin  film. 
The  PLE  spectrum  was  monitored  at  540  nm  and  the  PL  spectrum  used  251  nm 
excitation. 


Figure  4-15.  PLE  spectrum  for  Zn2Ge04:Mn  plotted  as  excitation^  versus  energy.  The 
excitation  band  extrapolates  to  4.68  eV  on  the  energy  axis. 
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4.3 .2.4  Electroluminescence  behavior 

The  brightness  versus  voltage  behavior  for  UF  Zn2Ge04:Mn  samples  annealed  at 
a range  of  temperatures  is  shown  in  Figure  4-16.  The  curves  labeled  “fresh”  were 
measured  when  the  devices  were  first  operated.  The  curves  labeled  “aged”  were  operated 
at  1 kHz,  40  V above  threshold  for  20  minutes.  All  samples  were  processed  under 
otherwise  identical  conditions  with  a thickness  of  ~470  nm.  The  as-deposited  and  600°C 
annealed  samples  did  not  show  visible  emission.  The  700°C  sample  was  measurable 
when  fresh  and  is  included  in  Figure  4-16.  After  aging  this  sample,  green  emission  was 
visible  but  was  below  the  sensitivity  of  the  spectrophotometer.  In  Table  4-4  the  B40  and 
Vth  values  for  these  samples  are  summarized.  Figure  4-17  shows  the  EL  emission 
spectrum  from  a Zn2Ge04:Mn  sample.  The  emission  peak  is  540  nm,  and  the 
chromaticity  values  are  CIE  x = 0.293  and  CIE  y = 0.672. 


Table  4-4.  B40  and  Vth  values  for  the  RTA  series  shown  in  Figure  4-16. 


Fresh 

Aged 

RTA  Temperature 
(°C) 

B40 

(cd/m^) 

Vth 

B40 

(cd/m^) 

Vth 

As  deposited 

- 

- 

- 

- 

600 

- 

- 

- 

- 

700 

0.3 

164 

- 

- 

800 

23.3 

144 

15.1 

172 

850 

75.3 

134 

38.7 

169 

149 


Figure  4-16.  Brightness-voltage  (B-V)  curves  for  Zn2Ge04:Mn  samples  annealed  at  a 
range  of  temperatures.  Aging  was  performed  at  1 kHz,  40  V above  threshold  for  20 
minutes. 


Figure  4-17.  EL  emission  spectrum  from  a Zn2Ge04:Mn  sample. 


150 


4 .3. 2. 5 Transient  electrical  measurements 

Optical  and  electrical  characterization  was  performed  on  three  Zn2Ge04:Mn 
samples  having  the  standard  device  structure  with  ATO  bottom  insulator,  BTO  top 
insulator,  and  with  phosphor  layer  thicknesses  of  200,  480,  and  700  nm,  respectively. 
These  measurements  were  performed  using  the  Sawyer-Tower  bridge  circuit  using  a 30 
nF  sense  capaeitor.  The  external  charge  and  external  voltage  were  used  to  calculated 
internal  charge,  external  current,  internal  (dissipative)  current,  and  phosphor  field  as 
described  in  Section  2.8.  The  measurements  were  recorded  on  fresh  devices  and  after 
aging  at  1 kHz  and  V40  for  20  minutes. 

The  external  charge-voltage  (Q-V)  behavior  for  the  three  devices  is  shown  in 
Figures  4-18  - 4-23.  Figures  4-18,  4-20,  and  4-22  show  data  for  the  fi’esh  200  nm,  480 
nm,  and  700  nm  devices  at  various  maximum  applied  voltages.  Figures  4-19,  4-21,  and 
4-23  show  Q-V  data  for  the  same  devices,  respectively,  after  aging. 

Internal  charge  vs.  phosphor  field  (Q-Fp)  data  were  extracted  from  the  Q-V  data 
shown  above  according  to  the  procedure  discussed  in  Section  2.8.  As  discussed 
previously  the  selection  of  the  phosphor  and  insulator  capacitance  is  critical  to  the 
characteristics  of  these  plots.  Figure  4-24  shows  the  Q-Fp  behavior  for  the  fresh  480  nm 
sample  using  the  DC  capacitance  values  for  the  phosphor  and  insulator,  which  were  1 1 
nF/cm  and  29  nF/cm  , respectively.  The  DC  measured  phosphor  capacitance  for  all 
samples  were  all  similar  to  those  found  from  the  sub-threshold  slope  of  the  Q-V  plot. 
This  was  not  the  case  for  the  insulator  capacitance  values. 
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Figure  4-18.  Q-V  data  for  the  fresh  200  nm  Zn2Ge04:Mn  device  at  various  applied 
maximum  voltages. 
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Figure  4-19.  Q-V  data  for  the  200  run  Zn2Ge04:Mn  device  at  various  applied  maximum 
voltages  after  aging  at  1 kHz,  V40,  for  20  minutes. 
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Figure  4-20.  Q-V  data  for  the  fresh  480  nm  Zii2Ge04:Mn  device  at  various  applied 
maximum  voltages. 
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Figure  4-21.  Q-V  data  for  the  480  nm  Zn2Ge04:Mn  device  at  various  applied  maximum 
voltages  after  aging  at  1 kHz,  V40,  for  20  minutes. 
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Figure  4-22.  Q-V  data  for  the  fresh  700  nm  Zri2Ge04:Mn  device  at  various  applied 
maximum  voltages. 
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Figure  4-23.  Q-V  data  for  the  700  nm  Zn2Ge04:Mn  device  at  various  applied  maximum 
voltages  after  aging  at  1 kHz,  V40,  for  20  minutes.  The  dashed  line  indicates  the  slope 
normally  used  to  define  the  total  device  capacitance. 
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Idealized  Q-Fp  plots  were  obtained  by  using  the  capacitance  of  the  phosphor  and 
insulators  as  adjustable  variables.  For  Figures  4-25  — 4-30  an  arbitrarily  large  insulator 
capacitance  value  was  used  (in  this  case  10,000  nF/cm^)  such  that  the  ratio  of  (Cj  + Cp)/Cj 
» 1.  The  exception  is  the  700  nm  sample  after  aging.  For  this  sample  a value  of  Ci  = 150 
nF/cm^  was  used.  Figures  4-25,  4-27,  and  4-29  show  data  for  the  fresh  200  nm,  480  nm, 
and  700  nm  devices  at  various  maximum  applied  voltages.  Figures  4-26, 4-28,  and  4-30 
show  Q-Fp  data  for  the  same  devices,  respectively,  after  aging  at  1 kHz,  V40,  for  20 
minutes. 

Note  that  Figure  4-24  and  4-27  use  the  same  Q-V  data,  except  that  in  4-24  the 
physical  capacitances  are  used  while  in  4-27  these  are  adjustable  parameters.  For  reasons 
discussed  in  section  4.4.3. 1,  the  more  realistic  behavior  is  that  shown  in  Figure  4-24. 
However  the  idealized  curves  are  often  better  for  observing  features  such  as  tum-on  and 
curvature  caused  by  space  charge.  For  these  reasons  the  phosphor  field  and  voltage 
values  calculated  using  the  physical  insulator  capacitance  value,  29  nF/cm^  (the  values 
used  for  Figure  4-24),  are  given  in  Table  4-5.  These  are  believed  to  be  more  realistic 
values.  However  all  other  plots  use  the  idealized  capacitance  values,  and  the  quantitative 
values  should  not  be  extracted  from  them  (this  holds  true  for  Figures  4-31  - 4-35  as 
well). 
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Figure  4-24.  Q-Fp  data  for  the  fresh  480  nm  sample  using  the  measured  DC  capacitance 
values  for  above-threshold  data. 
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Figure  4-25.  Q-Fp  data  for  the  fresh  200  nm  sample  using  the  idealized  capacitance 
values,  Ci  = 10,000  nF/cm^. 
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Figure  4-26.  Q-Fp  data  for  the  200  nm  sample  using  the  idealized  capacitance  values,  C, 
= 10,000  nF/cm  , aged  at  1 kHz,  V40  for  20  minutes. 
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Figure  4-27.  Q-Fp  data  for  the  fresh  480  nm  sample  using  the  idealized  capacitance 
values,  Ci  = 10,000  nF/cm^ 
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Figure  4-28.  Q-Fp  data  for  the  480  run  sample  using  the  idealized  capacitance  values,  Cj 
= 10,000  nF/cm  , aged  at  1 kHz,  V40  for  20  minutes. 
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Figure  4-29.  Q-Fp  data  for  the  fresh  700  run  sample  using  the  idealized  capacitance 
values,  Ci  = 10,000  nF/cm^ 
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Figure  4-30.  Q-Fp  data  for  the  700  nm  sample  using  the  idealized  eapaeitance  values,  Q 
= 150  nF/cm  , aged  at  1 kHz,  V40  for  20  minutes. 


Table  4-5.  Maximum  calculated  phosphor  field  values  using  the  measured  DC  insulator 
capacitance  value  of  Cj  = 29  nF/cm^. 


Phosphor 
thickness  (nm) 

V40  maximum  calculated 
phosphor  field  (MV/cm) 

V40  voltage 
(V) 

Phosphor 
voltage  (V) 

200 

7.5 

199 

150 

480 

2.4 

170 

115 

700 

1.0 

152 

70 

The  same  Q-Fp  data  are  shown  in  Figures  4-3 1 and  4-32  for  fresh  and  aged 
samples,  respectively,  comparing  the  different  thicknesses  for  the  phosphor  layer.  These 
data  show  that  the  phosphor  field  increases  dramatically  for  thinner  phosphor  layers,  both 
for  the  fresh  and  the  aged  samples. 
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Figures  4-33,  4-34  and  4-35  show  Q-Fp  data  for  the  200,  480,  and  700  nm 
samples,  respectively,  comparing  the  fresh  and  aged  Q-Fp  behavior.  Voltages  were 
chosen  for  these  plots  which  showed  similar  amounts  of  conduction  charge.  The  data 
show  that  aging  results  in  reduces  space  charge,  larger  phosphor  field,  and  reduced 
internal  charge.  The  leakage  charge  observed  in  the  fresh  samples  is  almost  eliminated 
for  the  aged  samples  by  an  amount  that  nearly  accounts  for  all  of  the  reduction  in 
conduction  charge.  The  700  nm  sample  shows  the  effects  of  aging  to  a lesser  degree  than 
the  thinner  samples. 
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Figure  4-3 1 . Q-Fp  data  for  fresh  samples  with  different  phosphor  layer  thickness. 
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Figure  4-32.  Q-Fp  data  for  aged  samples  with  different  phosphor  layer  thiekness. 


Figure  4-33.  Comparison  of  the  fresh  and  aged  Q-Fp  behavior  for  the  200  nm  sample. 
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Figure  4-34.  Comparison  of  the  fresh  and  aged  Q-Fp  behavior  for  the  480  nm  sample. 
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Figure  4-35.  Comparison  of  the  fresh  and  aged  Q-Fp  behavior  for  the  700  nm  sample. 
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4.3.2.6  Transient  optical  measurements 

The  data  in  this  section  were  collected  from  the  480  nm  sample  while  fresh. 
Transient  monochromatic  light  emission  from  the  sample  was  collected  at  various 
wavelengths,  allowing  spectra  to  be  generated  as  a function  of  time.  This  was  done  for 
each  polarity  of  the  applied  voltage. 

EL  decay  behavior  is  shown  in  Figure  4-36  for  various  emission  wavelengths 
using  the  aluminum-positive  (Al(+))  polarity,  or  that  in  which  the  AT0/Zn2Ge04:Mn 
interface  acts  as  the  cathode.  The  analogous  data  for  the  Al(-)  polarity  are  shown  in 
Figure  4-37. 
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Figure  4-36.  EL  decay  behavior  at  various  wavelengths  for  the  Al(-i-)  polarity. 
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Figure  4-37.  EL  decay  behavior  at  various  wavelengths  for  the  Al(-)  polarity. 


Figure  4-38  shows  the  EL  emission  spectrum  for  the  A1  (-I-)  polarity  taken  6ps 
after  the  voltage  pulse  is  applied,  which  is  close  to  the  time  that  the  voltage  reaches  its 
maximum  value  (point  C in  Figure  2-11).  Two  features  should  be  noted.  (1)  The 
maximum  intensity  occurs  at  540  nm,  expected  for  the  '’Ti  ^ ^Ai  transition  of  Mn^"^  in 
Zn2Ge04:Mn.  (2)  There  is  a low  intensity,  broad  band  from  -360-430  run.  It  is  not 
clear  whether  other  small  features,  such  as  the  peak  at  450  nm  and  the  shoulder  at  515 
nm,  are  real.  Figure  4-39  shows  the  same  type  of  data  for  the  Al(-)  polarity.  This 
spectrum  shows  primarily  Mn^^  emission  also,  with  more  intense  low  wavelength 
emission  that  is  more  broad  than  for  the  Al(+)  polarity. 
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Figure  4-38.  EL  emission  spectrum  measured  6 ps  after  the  Al(+)  voltage  pulse  is 
applied,  approximately  when  the  voltage  pulse  reaches  its  maximum  value. 
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Figure  4-39.  EL  emission  spectrum  measured  6 ps  after  the  Al(-)  voltage  pulse  is 
applied,  approximately  when  the  voltage  pulse  reaches  its  maximum  value. 
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Figure  4-40  shows  the  EL  decay  behavior  (L(t))  of  390  nm  emission  for  both 
polarities,  with  the  time  behavior  of  the  internal  current  for  the  Al(-)  polarity  shown  for 
comparison.  The  current  behavior  for  the  Al(+)  polarity  was  different  in  magnitude  but 
not  significantly  different  in  shape.  The  spectra  show  that  for  the  Al(-)  polarity  the 
emission  essentially  follows  the  current  as  a function  of  time,  indicating  very  fast  decay. 
The  Al(+)  polarity  on  the  other  hand  shows  exponential  decay  with  a time  constant  of  30 
ps. 


Figure  4-40.  EL  decay  behavior  for  390  nm  emission  for  each  polarity  relative  to  the 
time  behavior  of  the  internal  current. 

Spectra  were  generated  from  the  decay  data  at  various  wavelengths.  Figure  4-41 
shows  normalized  spectra  measured  100  and  500  ps  after  the  Al(-i-)  voltage  pulse,  or  ~60 
ps  and  460  ps  after  the  voltage  pulse  ends.  The  spectra  are  nearly  identical,  which  was 
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also  observed  for  the  AI(-)  pulse  (not  shown).  Figure  4-42  shows  spectra  measured  10, 
40,  70,  and  100  ps  after  the  onset  of  the  Al(+)  voltage  pulse,  and  Figure  4-43  shows  the 
analogous  spectra  for  the  Al(-)  pulse.  Figure  4-42  shows  that  for  the  Al(+)  pulse,  the  10 
and  40  ps  spectra  have  maxima  at  ~538  nm  with  a shoulder  on  the  high  energy  side  at 
-530  nm.  For  the  70  and  100  ps  spectra  the  maximum  has  shifted  to  -543  nm.  All 
spectra  have  a low  energy  shoulder  at  —555  nm.  For  the  Al(-)  spectra  in  Figure  4-43,  the 
530  nm  shoulder  is  missing.  The  70  and  100  ps  spectra  are  similar  to  those  for  the  Al(+) 
polarity.  The  10  ps  and  40  ps  have  maxima  at  545  nm  and  a larger  low  energy  tail  than 
the  70  and  100  ps  spectra.  Figure  4-44  shows  the  same  spectra  given  in  Figure  4-42 
measured  40  and  100  ps  after  the  onset  of  the  Al(-^)  voltage  pulse.  The  difference 
between  the  spectra  corresponds  to  the  rapid  decay  after  the  voltage  pulse  seen  in  Figure 
4-36.  The  difference  is  plotted  in  Figure  4-42.  The  100  ps  and  the  “difference”  spectra 
were  fit  with  a Gaussian  approximation  on  an  energy  scale,  also  shown  in  the  Figure. 
Figure  4-45  shows  the  corresponding  data  measured  for  the  Al(-)  polarity.  The  Gaussian 
fit  parameters  are  given  in  Table  4-6. 
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Figure  4-4 1 . Normalized  EL  emission  spectra  for  the  Al(+)  polarity  measured  1 00  ps  and 
500  ps  after  the  40  ps  voltage  pulse  is  applied. 


Figure  4-42.  EL  emission  spectra  for  the  Al(+)  voltage  pulse  measured  10,  40,  70,  and 
100  ps  after  the  onset  of  the  voltage  pulse. 
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Figure  4-43.  EL  emission  spectra  for  the  Al(-)  voltage  pulse  measured  10,  40,  70,  and 
100  ps  after  the  onset  of  the  voltage  pulse. 


Figure  4-44.  EL  emission  spectra  for  the  Al(-^)  voltage  pulse  measured  40  and  100  ps 
after  the  onset  of  the  voltage  pulse.  The  difference  between  the  spectra  and  Gaussian  fits 
on  an  energy  scale  for  the  1 00  ps  and  “difference”  spectra  are  shown. 
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Figure  4-45.  EL  emission  spectra  for  the  Al(-)  voltage  pulse  measured  40  and  100  ps 
after  the  onset  of  the  voltage  pulse.  The  difference  between  the  spectra  and  Gaussian  fits 
on  an  energy  scale  for  the  100  ps  and  “difference”  spectra  are  shown. 


Table  4-6.  Gaussian  fit  parameters  used  for  the  curves  in  Figure  4-44  and  4-45. 


Al(+) 

Al(-) 

Mean,  p (nm) 

530 

543 

539 

554 

Std.  dev.,  a (nm) 

16 

17 

20 

17 

Relative  Intensity 

0.59 

1 

1 

0.42 

Figure  4-46  shows  540  nm  emission  from  the  fresh  700  nm  sample  driven  at  1 
kHz  and  V40,  along  with  the  applied  voltage. 
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Figure  4-46.  540  nm  EL  emission  from  the  fresh  700  nm  sample  and  the  applied  voltage 
vs.  time. 


Figure  4-47  and  4-48  show  L(t),  icond  (t),  and  V(t)  data  measured  using  a variable 
capacitor  bridge  circuit  and  collecting  only  520  nm  emission.  The  waveform  in  Figure  4- 
47  has  a frequency  of  ~47  Hz  while  that  in  Figure  4-48  has  a frequency  of  ~700  Hz. 
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Figure  4-47.  520  run  EL  emission,  conduetion  current,  and  applied  voltage  vs.  time  for 
low  frequency  double  voltage  pulses. 


Figure  4-48.  520  run  EL  emission,  conduction  current,  and  applied  voltage  vs.  time  for 
high  frequency  double  voltage  pulses. 
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4.4  Discussion 

4,4. 1 Planar  Parameter  Study 

There  are  several  overriding  points  to  take  from  the  parameter  study.  First,  the 
best  device  performance  was  found  to  be  B40  = 74  cd/m^  E40  = 0.19  ImAV,  and  CIE  x = 
0.300  and  y = 0.664.  There  were  brighter  samples  and  more  efficient  samples,  but  this 
device  showed  the  best  overall  performance  in  terms  of  brightness,  efficiency,  and  color 
coordinates.  Second,  the  diffuse  scattering  values  of  <1%  for  all  samples  showed  that 
this  performance  was  achieved  even  with  very  poor  outcoupling  efficiency.  As  discussed 
in  Section  2.6.5,  it  has  been  shown  that  surface  roughness  can  increase  optical 
outcoupling  by  as  much  as  an  order  of  magnitude  [46].  Empirically,  when  a test  dot  was 
electrically  excited,  the  sample  brightness  at  the  edges  of  the  glass  was  rather  bright 
relative  to  the  test  dot.  Noting  that  the  sample  edge  is  large  compared  to  the  area  of  the 
test  dot,  these  two  observations  indicate  good  internal  efficiency  from  the  devices.  Third, 
all  Planar  samples  were  evaluated  when  fresh.  It  was  at  the  end  of  the  study  that  the 
aging  behavior  was  noticed  and  addressed. 

In  terms  of  the  processing  parameters,  the  study  revealed  a rather  robust  process. 
Within  the  processing  parameter  window  studied,  performance  was  reasonable  regardless 
of  conditions  as  long  as  some  amount  of  oxygen  was  added  to  the  sputter  gas.  The 
second  critical  parameter  was  the  annealing  temperature.  The  best  performance  was 
achieved  at  higher  annealing  temperatures,  shown  in  Figure  4-8,  the  highest  being  860°C. 
This  was  the  limit  of  the  substrate  and  underlayers,  since  glass  softening  was  observed 
even  at  860°C,  and  ITO  is  known  to  degrade  above  this  temperature.  Whether  a 
maximum  was  reached  in  terms  of  either  anneal  time  or  temperature  is  not  known.  The 
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reason  for  the  robustness  of  the  process  is  suspected  to  be  that  the  deposited  films  are 
amorphous  (discussed  in  the  following  section)  and  therefore  only  stoichiometry  is  a 
critical  parameter  during  deposition. 

4.4,2  UF  Study 

4.4.2. 1 Structural,  morphological,  and  chemical  analysis 

The  processing  of  sputter  targets  revealed  that  after  firing  ZnO,  Ge02,  and  Mn02 
powders  at  800°C,  complete  conversion  to  Zn2Ge04:Mn  had  taken  place.  This  was 
indicated  by  x-ray  diffraction  data  as  well  as  by  bright  green  luminescence  under  UV 
excitation  (data  not  shown).  After  sintering  a pressed  pellet  at  1050°C  for  6 hours  the 
same  was  still  true,  as  evidenced  by  the  x-ray  diffraction  and  PL  spectrum  for  the  sintered 
pellet  shown  in  Figures  4-9  and  4-10. 

X-ray  diffraction  (XRD)  of  sputtered  samples  annealed  over  a range  of  RTA 
temperatures  was  performed,  shown  in  Figure  4-11.  The  data  reveal  that  the  as-deposited 
and  600°C  annealed  films  are  amorphous.  Above  600°C  crystallization  takes  place, 
consistent  with  the  data  in  Figure  4-8  which  show  increased  EL  brightness  in  samples 
annealed  above  this  temperature.  For  the  crystalline  samples  the  primary  diffraction  peak 
was  the  (006)  peak.  There  appears  to  be  some  diffraction  from  the  (113)  plane  as  well, 
though  this  overlaps  strongly  with  a substrate  peak  making  analysis  difficult.  The  (006) 
plane  diffraction  indicates  preferred  orientation  of  the  films  along  the  c-axis.  Possible 
diffraction  from  the  (113)  plane  indicates  grains  slightly  mis-oriented  from  the  c-axis. 
Other  peaks  that  appear  with  higher  annealing  temperature  belong  to  the  (220),  (410), 
(333),  and  (416)  planes  of  Zn2Ge04:Mn.  The  FWHM  of  the  (006)  peak  was  analyzed  as 
a function  of  RTA  temperature,  and  this  data,  shown  in  Figure  4-12,  revealed  gradually 
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improving  crystallinity  with  higher  annealing  temperature,  consistent  with  the  increase  in 
EL  brightness.  The  onset  of  crystallinity  is  consistent  with  that  reported  previously  [48, 
100,  119],  but  the  XRD  diffraction  patterns  are  inconsistent  with  those  presented  by 
Bondar  et  al.  [119]  for  sputtered  Zn2Ge04:Mn  films.  Their  films  showed  only  slight 
(001)  texturing  and  generally  better  crystallinity. 

SEM  microscopy  was  performed  on  the  temperature  series.  The  cause  for  the 
poor  optical  outcoupling  from  the  devices  is  evident  in  the  smooth  surfaces  and  rounded 
features  on  the  films.  Across  the  range  from  600°C  to  850°C,  no  significant  change  in 
morphology  is  observed  despite  the  fact  that  the  XRD  shows  crystallization  taking  place 
in  this  range.  This  indicates  that  even  though  crystallization  takes  place,  ionic  mobility  is 
still  low. 

Energy-dispersive  spectroscopy  (EDS)  shows  little  or  no  change  in  stoichiometry 
across  the  temperature  series.  The  Zn/Ge  ratio  of  ~1  (Table  4-3)  deviated  significantly 
from  the  expected  ratio  of  ~2.  The  cause  for  this  discrepancy  is  not  clear,  but  there  are 
several  possibilities.  Measurement  error  in  EDS  is  certainly  a consideration.  The  smooth 
film  surface  is  a benefit  to  obtaining  accurate  results.  However  the  thin  film  thickness 
can  distort  the  ZAF  correction  routine.  The  accelerating  voltage  was  1 5 kV  for  a film 
thickness  of  570  nm.  As  there  are  no  heavy  elements  in  the  film,  the  electron  beam 
penetration  depth  is  expected  to  be  well  into  the  ATO  layer  beneath  the  phosphor.  But 
the  EDS  data  in  Table  4-3  for  the  850°C  annealed  sample  were  collected  at  the  angle 
shown  in  the  micrograph  in  Figure  4- 13d,  resulting  in  an  effectively  larger  film  thickness. 
The  change  from  a Zn/Ge  ratio  of  0.99  to  1 .05  is  in  the  direction  towards  a stoichiometric 
film,  so  some  of  the  error  may  be  a penetration  depth  effect.  Still,  the  deviation  from 
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stoichiometry  is  large  and  the  samples  appear  to  be  zinc  deficient  to  some  extent.  The 
starting  material  was  prepared  as  stoichiometric  Zn2Ge04,  and  neither  ZnO  nor  Ge02 
would  be  expected  to  volatilize  under  the  temperatures  and  atmospheres  used  in 
processing.  If  deviation  from  stoichiometry  were  to  take  place  it  would  be  expected  to  be 
during  the  sputtering  process.  The  film  XRD  data  show  the  presence  of  Zn2Ge04,  and  no 
other  phases  are  evident. 

Given  this  information  there  are  several  possibilities  regarding  the  incorporation 
of  excess  germanium. 

1.  Measurement  error:  As  discussed  previously  this  is  not  likely  to  account  for  all  of  the 
deviation  from  stoichiometry. 

2.  Non-stoichiometric  Zn2Ge04:  This  is  doubtful,  since  ZnGeOa  is  also  a stable  phase, 
but  was  not  observed  by  XRD. 

3.  Phase  segregation  of  Zn2Ge04  and  Ge02:  This  option  seems  the  most  likely,  but 
there  is  no  direct  evidence  for  it.  The  Ge02  could  be  present  but  undetectable  by 
XRD  as  an  amorphous  phase,  since  the  ATO  layer  beneath  the  phosphor  is  partially 
amorphous.  How  the  amorphous  phase  would  be  incorporated  is  not  clear.  Long 
scale  segregation  is  unlikely  because  of  low  mobility  at  the  annealing  temperatures 
used.  The  low  mobility  is  inferred  from  the  lack  of  surface  texture  combined  with  the 
empirical  evidence  that  brighter  films  are  obtained  at  higher  annealing  temperatures. 
Short  scale  segregation,  in  the  form  of  small  Zn2Ge04  grains  with  amorphous  Ge02 
incorporated  at  the  grain  boundaries  is  a possibility.  How  this  would  affect  the 
performance  of  the  device  is  not  known. 
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4.4.2.2  Optical  characterization 

The  sputtered,  annealed  films  show  PL  emission  spectra  characteristic  of  the  "*Ti 
— > ^Ai  transition  from  Mn^^  in  Zn2Ge04.  The  PL  and  PLE  spectra  are  shown  in  Figure  4- 
14.  Mn^  usually  shows  multiple  excitation  bands  due  to  higher- lying  excited  states  such 
as  those  seen  in  Figure  2-18  [44],  but  these  are  not  observed,  so  it  is  clear  that  Mn^"^  is  not 
excited  directly.  Therefore  the  good  PL  intensity  (no  quantitative  value  is  available) 
indicates  efficient  charge  transfer  from  the  lattice  to  Mn^"^.  The  high  energy  excitation 
band  is  attributed  to  band  gap  absorption.  There  is  a very  efficient  lower  energy 
excitation  band  with  a maximum  at  3 1 0 run,  corresponding  to  6 1 5 meV  below  bangap 
energy.  This  band  is  most  easily  attributed  to  either  a charge  transfer  transition  or  to  a 
defect  state.  Mn^”^  is  not  a particularly  good  candidate  to  exhibit  metal-to-ligand  charge 
transfer  or  ligand-to-metal  charge  transfer,  since  it  is  not  stable  in  either  a Mn'^  or  Mn^^ 
valence,  but  this  is  not  out  of  the  question.  This  suggests  that  the  excitation  band  is  due 
to  a defect  state,  corresponding  to  615  meV  from  either  the  conduction  or  valence  band. 
The  charge  transfer  efficiency  from  this  band  to  the  Mn^"^  excited  state  is  nearly  as  good 
as  that  from  the  band  gap. 

The  band  gap  excitation  band  was  used  to  approximate  a traditional  absorption 
spectrum.  This  is  justified  because  the  band  gap  excitation  band  is  strong.  By  plotting 
the  absorption  (excitation)  squared  versus  energy  as  in  Figure  4-15  and  extrapolating  the 
data  to  the  energy  axis,  the  optical  band  gap  of  the  Zn2Ge04:Mn  was  found  to  be  4.68  eV. 
This  band  gap  is  within  the  range  suitable  for  an  EL  host  material.  For  example,  SrS  is 
an  excellent  phosphor  host  with  a band  gap  of  4.2  eV  [31]. 
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In  comparison  to  the  PL  spectrum,  an  EL  emission  spectrum  for  an  Zn2Ge04:Mn 
device  is  shown  in  Figure  4-17.  The  EL  spectrum  has  a maximum  ~539  run,  compared  to 
535  for  the  PL  spectrum.  In  addition  there  is  an  extended  broad  emission  to  the  low 
energy  side  of  the  peak. 

4.4.2. 3 Electroluminescence  characterization 

The  B-V  characteristics  of  the  temperature  series  are  shown  in  Figure  4-16.  The 
as-deposited,  600°C  annealed,  and  700°C  aged  samples  were  all  too  dim  to  measure. 
Aging  or  bum-in  of  the  sample  during  operation  of  the  devices  can  be  seen  due  to  the 
time  required  to  perform  the  measurements.  The  aging  results  in  the  downward  slope  of 
the  B-V  curve  for  the  850°C  annealed  sample.  The  B40  and  Vth  values  are  given  in  Table 
4-4.  The  best  brightness  value  was  75  cd/m^  measured  from  the  sample  annealed  at 
850°C,  but  this  brightness  reduced  to  39  cd/m^  with  aging.  Several  trends  are  seen.  The 
B40  value  increases  dramatically  with  RTA  temperature.  The  threshold  voltage  also 
decreases  slightly  with  RTA  temperature.  Fimally,  the  threshold  voltage  increases  and 
B40  decreases  as  the  sample  is  aged. 

4.4.3  Electroluminescent  Behavior  of  Zn7Ge04:Mn  Devices 

Other  than  the  emission  spectmm  shown  in  Figure  4-17  and  the  B-V 
characteristics  of  the  devices  shown  in  Figures  4-2  and  4-16,  the  electroluminescent 
behavior  of  the  Zn2Ge04:Mn  devices  are  anomalous  with  regard  to  “traditional”  behavior 
in  every  sense.  In  Section  4.4.3. 1 the  electrical  data  presented  in  Section  4.3  is  discussed, 
and  in  Section  4.4.3. 2 the  optical  data  is  discussed.  Finally  in  Section  4.4.3. 3 a model  to 
explain  the  behavior  is  presented. 
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4.4.3. 1 Electrical  behavior 

0-V  analysis.  Q-V  data  for  the  thickness  series  is  shown  in  Figures  4-18  to  4-23. 
There  are  a number  of  observations  that  should  be  pointed  out. 

1 . The  200  nm  sample  shows  significant  dynamic  space  charge  when  fresh  (Figure  4- 

18).  This  is  evidenced  by  the  curvature  above  threshold  (the  B-C-D  portion  of  the 
curve  according  to  the  labeling  scheme  in  Figure  2-14).  The  Q-V  curve  is 
relatively  symmetric  for  the  Al(+)  and  Al(-)  pulses. 

2.  Upon  aging  (Figure  4-19),  the  space  charge  is  significantly  reduced.  Also,  there  is  no 

traditional  “tum-on”  such  as  the  B-C  portion  of  Figure  2-14,  where  the  Q-V  slope 
increases  below  Vmax-  Instead  there  is  little  conduction  charge  below  Vmax, 
especially  at  lower  values  of  Vmax,  and  all  of  the  conduction  charge  is  relaxation 
charge  (the  C-D  portion  of  Figure  2-14).  The  leakage  charge  seen  in  the  fresh 
devices  (E-F  in  Figure  2-14)  is  almost  eliminated,  and  the  device  is  still  rather 
symmetric. 

3.  The  fresh  480  nm  sample  (Figure  4-20)  shows  a large  amount  of  dynamic  space 

charge.  The  shape  of  the  curves  is  similar  for  both  pulses,  but  there  is  more 
conduction  charge  and  more  leakage  charge  for  the  Al(-)  pulse.  The  slope  of  the 
Q-V  data  for  Vth  is  significantly  lower  than  the  slope  for  higher  values  of  Vmax- 
There  is  no  explanation  for  this  observation. 

4.  After  aging  (Figure  4-21),  the  changes  are  similar  to  those  seen  for  the  200  nm 

sample.  The  biggest  difference  is  that  there  is  still  more  conduction  charge  and 
some  leakage  charge  for  the  Al(-)  pulse. 

5.  The  behavior  of  the  700  nm  sample  (Figure  4-22)  is  significantly  different  than  the 

other  two  samples.  For  the  fresh  device  the  Al(-)  pulse  shows  little  or  no  dynamic 
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space  charge,  and  for  the  highest  applied  voltage,  Vgo,  begins  to  show  traditional 
tum-on  below  V^ax-  For  the  Al(+)  pulse  there  is  evidence  of  space  charge,  and 
the  conduction  charge  does  not  occur  completely  at  V^ax,  i.e.  the  turn  on  is  more 
traditional.  There  is  little  or  no  leakage  charge  for  the  Al(+)  pulse,  while  there  is 
some  leakage  charge  for  the  Al(-)  pulse. 

6.  After  aging  the  700  nm  sample  (Figure  4-23),  the  Al(-i-)  pulse  shows  conduction 
charge  beginning  at  very  low  voltages,  especially  for  high  values  of  Vmax-  This  is 
demonstrated  in  Figure  4-23  by  the  dashed  line,  which  shows  that  the  Al(-)  slope  is 
higher  than  the  slope  that  is  usually  indicative  of  the  device  capacitance.  This  is  not 
the  case  for  the  Al(-)  polarity,  which  shows  more  traditional  Q-V  behavior  with  sub- 
threshold charge,  conduction  charge,  and  leakage  charge  all  evident. 

The  general  shape  of  the  Q-V  curves  seen  in  Figures  4-18  to  4-23,  namely  a single 
slope  up  to  Vmax  and  a nearly  vertical  slope  above  that,  is  very  similar  to  the  Q-V  curves 
shown  by  Keir  et  al.  [137].  In  this  paper  the  anomalous  Q-V  behavior  is  shown  to  be  due 
to  leaky  insulators.  However,  for  the  Zn2Ge04:Mn  devices,  the  pulse  width  was  varied 
from  15-125  ps  to  show  that  there  is  not  a significant  DC  component  to  the  conduction 
current.  This  data  is  not  shown,  but  the  result  can  be  seen  from  the  ijnt(t)  data  in  Figure  4- 
40.  It  is  evident  from  these  data  that  the  conduction  current  occurs  over  a short  period, 
but  the  onset  of  conduction  occurs  only  when  the  applied  voltage  reaches  a maximum. 
From  these  observations  leaky  insulators  are  not  suspected. 

0-Fp  analysis.  Q-Fp  data  for  the  thickness  series  is  shown  in  Figures  4-24  to  4-30. 
Before  discussing  the  Q-Fp  data  it  is  important  to  reiterate  the  effects  of  the  selection  of 
Cl  and  Cp  values.  These  values  are  normally  taken  from  the  slopes  above  and  below  turn- 
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on  of  the  Q-V  data.  As  mentioned  previously,  in  the  case  of  the  Zn2Ge04:Mn  samples 
the  Q-V  data  is  anomalous  in  that  there  is  generally  no  traditional  Q-V  tum-on.  Instead 
there  is  a single  slope  up  to  Vmax,  and  the  conduction  charge  then  results  in  a nearly 
vertical  slope.  Therefore  to  achieve  the  most  ideal  Q-Fp  plots,  a very  large  value  of  Ci 
must  be  used.  For  ease  of  analyzing  such  aspects  as  space  charge  and  field  clamping  this 
approach  was  taken  for  Figures  4-25  to  4-30.  However  a more  realistic  picture  of  the 
internal  charge-phosphor  field  behavior  is  that  seen  in  Figure  4-24,  which  uses  the 
measured  DC  insulator  capacitance  value  of  29  nF/cm^.  The  reason  that  this  plot  is  more 
realistic  is  that  for  the  ideal  curve,  a vertical  slope  is  obtained  for  the  B-C  portion  of  the 
plot  (notation  refers  to  Figure  2-14).  However  in  the  Zn2Ge04:Mn  devices  the  field 
increases  to  a maximum  with  little  conduction  current.  When  conduction  current  flows  at 
Vmax  there  should  be  a concomitant  decrease  in  the  phosphor  field  since  the  applied 
voltage  is  no  longer  increasing.  In  section  2.8  it  was  shown  that  the  calculated  phosphor 
field  is  dependent  on  the  insulator  value  used,  and  by  comparing  Figure  4-24  (Cj  = 29 
nF/cm^)  with  Figure  4-27  (same  input  data,  Cj  = 10,000  nF/cm^)  it  can  be  seen  that  the 
field  values  obtained  by  using  the  idealized  plots  are  not  accurate.  For  this  reason  the 
ideal  Q-Fp  curves  are  shown  in  Figures  4-25  to  4-30,  but  the  V40  maximum  field  values 
calculated  using  Ci  = 29  nF/cm^  are  shown  in  Table  4-6. 

Analysis  of  the  Q-Fp  plots  in  Figures  4-25  to  4-30  show  several  interesting  trends. 

1 . For  the  200  nm  device,  both  fresh  (Figure  4-25)  and  aged  (Figure  4-26),  the  lack  of 
field  clamping  is  apparent  by  the  increasing  phosphor  field  during  the  conduction 
portion  of  the  curve.  Both  fresh  and  aged  devices  are  relatively  symmetric,  and 
show  gradual  tum-on  only  at  higher  voltages.  The  fresh  device  shows  more 
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dynamic  space  charge,  apparent  by  the  field  curvature  during  conduction,  and 
more  leakage  charge.  With  aging,  the  phosphor  field  increases  while  the  amount 
of  conduction  and  leakage  charge  decreases. 

2.  The  same  observations  are  true  for  the  480  nm  device  (Figures  4-27  and  4-28),  exeept 

that  the  Al(-)  polarity  results  in  more  conduction  charge  as  well  as  more  leakage 
charge. 

3.  The  fresh  700  nm  device  (Figure  4-29)  shows  a small  amount  of  dynamic  space 
eharge,  but  only  on  the  Al(-)  polarity.  There  is  also  a larger  amount  of  conduction 
and  leakage  charge  for  this  polarity.  The  change  in  conduction  charge  and  phosphor 
field  with  aging  is  less  significant  than  for  the  thinner  devices. 

Table  4-6  shows  several  trends  in  electrical  behavior.  As  the  phosphor  thickness 
inereases,  the  phosphor  field  decreases,  the  threshold  voltage  decreases,  and  the  average 
voltage  across  the  phosphor  decreases.  A decreased  threshold  voltage  is  normally 
attributed  to  increased  space  charge  [85,  129]. 

Mechanism  for  anomalous  conduction  behavior.  There  is  no  clear  mechanism  to 
explain  the  anomalous  Q-V/Q-Fp  behavior  of  the  Zn2Ge04:Mn  devices.  The  following 
explanation  is  proposed.  In  “normal”  devices,  the  rate  of  conduction  charge  (ijnt)  is 
limited  by  the  voltage  slew  rate  and  field  clamping.  This  leads  to  conduction  current 
which  begins  during  the  voltage  ramp  and  lasts  several  ps  (see  Chapter  3).  Figures  4-25 
to  4-30  show  that  there  is  no  field  clamping  taking  place  in  the  Zn2Ge04;Mn  devices. 

But  there  must  be  some  reason  why  the  conduction  current  lasts  for  several  ps,  even  after 
the  voltage  is  no  longer  increasing  (see  Figure  4-40).  One  explanation  is  a broad 
distribution  of  defect  states  which  will  empty  due  to  tunneling  or  thermally-assisted 
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tunneling  over  a range  of  applied  voltages.  This  would  be  expected  to  result  in  a sub- 
Vmax,  or  traditional,  tum-on  but  this  is  not  observed.  Another  explanation  is  that  the 
device  response  time  is  inherently  slower  than  the  voltage  ramp  time.  This  might  be 
expected  for  a phosphor  layer  with  a higher  resistance  and  higher  capacitance  than  other 
phosphors,  leading  to  a large  RC  time  constant.  Using  the  measured  DC  device 
capacitance  (0.9  nF)  and  a rough  estimate  of  the  device  resistance  from  current-voltage 
data  (25  kf2,  data  not  shown)  the  RC  time  constant  expected  is  20  ps.  This  is  about  an 
order  of  magnitude  off  the  measured  decay  time  of  the  conduction  current  in  Figure  4-40 
of  ~3  ps.  Given  the  uncertainty  in  the  resistance  estimate  this  explanation  is  a possibility, 
and  is  the  only  explanation  currently  available. 

4.4. 3. 2 Optical  behavior 

Many  of  the  optical  properties  of  the  Zn2Ge04:Mn  were  found  to  be  anomalous  as 
well.  As  mention  previously,  the  PL  and  EL  spectra  in  Figures  4-14  and  4-17  exhibit  the 
expected  emission  from  the  '‘Ti  ->  ^A]  transition  of  Mn^'^.  The  ~1  ms  decay  time  for  540 
nm  excitation  in  Figure  4-46  is  additional  evidence  of  this.  The  EL  decay  is  similar  to  the 
ZnS:Mn  decay  observed  in  Chapter  3 in  the  non-exponential  nature  of  the  decay.  All  of 
the  transient  optical  measurements  shown  are  measured  from  the  480  nm  UF  sample 
while  fresh,  but  limited  measurements  using  Planar  samples  showed  similar  results. 

Figures  4-36  and  4-37  show  normalized  decay  behavior  for  selected  wavelengths 
for  the  Al(+)  and  Al(-)  polarities,  respectively.  Several  features  are  worth  noting.  There 
is  a short  wavelength  component  to  the  emission  with  a fast  decay  time.  This  will  be 
discussed  in  more  detail  shortly.  There  is  a rapid  decay  of  the520-590  nm  emission 
which  lasts  ~20  ps,  and  the  magnitude  of  this  decay  is  different  for  different  wavelengths. 
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The  onset  of  emission  is  very  different  in  character  for  the  two  polarities.  The  Al(+) 
polarity  shows  a slower  build  up  and  no  trailing  edge  emission.  The  Al(-)  has  a much 
more  rapid  build  up  for  all  wavelengths  and  shows  a sharp  trailing  edge  peak  upon 
removal  of  the  voltage  pulse.  This  trailing  edge  intensity  is  different  in  magnitude  for 
different  wavelengths.  The  rapid  decay  seen  for  the  Al(+)  polarity  is  also  seen  in  this 
polarity,  but  the  magnitude  of  it  for  the  various  wavelengths  is  not  consistent  between  the 
two  polarities. 

The  nature  of  the  various  portions  of  these  decay  curves  are  analyzed  here  in  more 

detail. 

“Blue  flash”  luminescence.  At  the  onset  of  EL  emission  there  is  a significant 
short-wavelength  component.  Spectra  collected  6 ps  after  the  onset  of  the  voltage  pulse, 
which  corresponds  to  the  intensity  maximum  of  380  nm  emission  in  Figures  4-36  and  4- 
37,  are  shown  in  Figures  4-38  and  4-39  for  the  Al(-i-)  and  Al(-)  polarity  voltage  pulses, 
respectively.  These  spectra  show  primarily  green  emission  characteristic  of  Mn^"^  along 
with  a short  wavelength  component.  The  short  wavelength  component  of  the  Al(-)  pulse 
is  more  intense  relative  to  the  Mn^^  intensity  compared  to  the  Al(-t-)  pulse  and  is  broadly 
distributed  across  the  blue/near  UV,  while  for  the  Al(-i-)  pulse  there  appears  to  be  a more 
structured  band  centered  at  ~390  nm.  This  emission  is  similar  to  the  well  known  “blue 
flash”  emission  observed  in  ZnS:Mn  devices  [22].  The  ZnS:Mn  devices  have  a broad, 
fast-decay  component  centered  at  ~425  nm  that  is  attributed  to  interband  transitions.  The 
same  explanation  is  given  for  the  short  wavelength  component  of  Zn2Ge04:Mn.  The 
decay  of  390  nm  emission  for  both  polarities  is  shown  relative  to  the  internal  current  in 
Figure  4-40.  The  decay  time  of  ~20  ps  for  the  Al(+)  polarity  is  consistent  with  that  of 
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donor-acceptor  pair  recombination  in  ZnS  phosphors  [4].  The  390  nm  emission  from  the 
Al(-)  pulse  follows  almost  exactly  the  conduction  current  flow.  The  proposed  reason  for 
this  will  be  discussed  in  Section  4.4.3.3.  The  blue/UV  emission  is  attributed  to  e-h  pair 
recombination  associated  with  defect  states,  which  reduce  the  energy  of  the  transition. 
One  implication  of  this  emission  is  that  it  implies  that  electrons  reach  sufficient  energy  to 
create  e-h  pairs  of  at  least  the  energy  seen  in  the  spectra,  corresponding  to  3.54  eV,  and 
probably  higher.  A second  implication  is  that  there  must  be  a region  in  the  phosphor 
layer  with  a low  enough  electric  field  to  allow  e-h  pair  recombination  without  field 
quenching.  The  coexistence  of  these  seemingly  contradicting  assertions  is  discussed 
shortly. 

Long  decay  emission.  The  long-lived  emission  was  initially  attributed  to  Mn^"^ 
emission,  but  this  should  be  verified.  To  do  this,  emission  spectra  which  were  measured 
lOOps  and  500  ps  after  the  onset  of  the  voltage  pulse  were  compared.  Even  at  100  ps  the 
fast-decay  component  is  essentially  gone,  so  that  only  the  long-lived  component  is 
remaining.  These  two  spectra  are  shown  in  Figure  4-41,  which  shows  that  the  two 
spectra  are  virtually  identical  and  similar  to  the  EL  emission  spectra  of  the  devices.  This 
indicates  that  the  long-lived  component  is  a single  type  of  transition  with  a single  decay 
behavior  across  the  broad  emission  band.  It  was  mentioned  earlier  that  the  decay  time 
and  decay  behavior  is  consistent  with  Mn^^  decay  in  ZnS  ACTFEL  devices.  This  is 
sufficient  evidence  to  attribute  the  long-lived  component  to  the  '*Ti  — > ^Ai  transition  of 
Mn^^ 

The  intermediate  decay  behavior,  which  occurs  near  the  removal  of  the  voltage 
pulse,  is  more  complicated.  The  short  decay  time  indieates  that  there  is  one  of  three 
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things  taking  place.  There  is  either  a)  another  type  of  Mn^^  center  with  a fast  time 
constant,  b)  a non-radiative  process  from  the  Mn^'^  excited  state  competing  with  the 
radiative  Mn^^  relaxation,  or  c)  there  is  another  type  of  decay  process  entirely. 

The  first  possibility,  a second  type  of  Mn^^  center,  can  be  essentially  ruled  out  by 
the  observation  that  the  decay  time  of  lO’s  of  ps  is  far  too  short  for  the  spin-  and  parity- 
forbidden  Mn^  transition.  The  local  crystal/ligand  field  and  symmetry  can  affect  this 
decay,  but  that  would  be  expected  to  drastically  affect  the  transition  energy  as  well. 

The  second  possibility,  non-radiative  recombination,  cannot  be  ruled  out  as 
quickly.  The  decay  curve  is  not  too  different  from  that  of  Mn  in  ZnS  where  it  was  shown 
[45]  that  at  high  excitation  densities,  excited  state  interaction  can  result  in  non-radiative 
relaxation  of  the  excited  state.  This  eould  take  place  in  Zn2Ge04:Mn,  but  it  is  not 
expected  to  be  as  significant  as  the  fast  decay  that  is  seen.  This  is  due  to  the  fact  that  a) 
the  average  Mn-Mn  distance  in  1 .5  Zn%  Zn2Ge04  is  very  similar  to  that  in  0.6  Zn%  ZnS, 
b)  the  excitation  density  in  Zn2Ge04  should  not  be  as  large  as  that  in  the  more  efficient 
ZnS  device,  and  e)  the  rapid  decay  is  even  more  severe  than  that  for  Mn^"^  in  ZnS  shown 
by  Benoit.  Further  evidence  against  this  interpretation  is  given  in  the  next  paragraph. 

The  third  possibility  is  that  there  is  some  other  type  of  recombination  center. 
Neglecting  the  possibility  that  the  rapid  decay  may  be  due  to  an  unintentional  impurity 
may  be  premature,  but  it  would  otherwise  be  due  to  some  type  of  e-h  pair  reeombination. 
Unfortunately  the  emission  spectrum  prior  to  the  rapid  decay  is  very  similar  to  the  Mn^"^ 
emission  (see  Figures  4-42  and  4-43),  making  analysis  more  difficult.  Given  that  the 
emission  is  in  the  green  portion  of  the  spectrum  the  e-h  pair  would  necessarily  be 
involved  with  some  type  of  defect  state.  The  spectral  distribution  at  several  moments  in 
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time  both  during  and  after  the  voltage  pulse  are  shown  in  Figures  4-42  and  4-43  for  the 
Al(+)  and  Al(-)  polarities,  respectively.  These  figures  show  a red  shift  for  the  Al(-i-) 
polarity  and  a blue  shift  for  the  Al(-)  polarity.  The  emission  spectrum  before  and  after 
rapid  decay  and  the  difference  between  them  is  shown  for  each  polarity  in  Figures  4-44 
and  4-45.  The  difference  between  these  spectra  can  be  used  as  an  approximation  for  the 
fast-decay  component,  but  by  no  means  assures  that  the  decay  is  radiative.  These 
emission  bands  were  fit  on  an  energy  scale  with  a Gaussian  approximation,  also  shown  in 
Figures  4-44  and  4-45.  The  fit  parameters,  given  in  Table  4-5,  show  that  for  both 
polarities  the  100  ps  spectrum  can  be  fit  with  similar  parameters  centered  at  ~540  run. 

As  mentioned,  this  is  attributed  to  Mn^^  emission.  The  fast  decay  component  for  the 
Al(+)  polarity  is  centered  at  -530  nm,  while  that  for  the  Al(-)  is  centered  at  -554  nm. 

This  evidence  also  serves  to  refute  both  of  the  possibilities  mentioned  previously. 

The  “blue  flash”  emission  is  attributed  to  band-edge  e-h  pair  recombination.  The 
long-lived  decay  component  which  dominated  the  emission  spectrum  is  attributed  to 
Mn  emission.  Considering  the  decay  time  and  polarity-dependent  spectral  shifts,  the 
fast-decay  component  is  attributed  to  defect-related  e-h  pair  recombination. 

4.4.3. 3 Device  process  model 

The  observations  regarding  the  electrical  and  optical  behavior  of  the  Zn2Ge04:Mn 
devices  have  been  incorporated  into  a phenomenological  model  for  device  operation. 

The  model  is  a device  in  which  only  one  interface  efficiently  injects  high  energy 
electrons  into  the  phosphor,  creating  an  asymmetric  space  charge  distribution.  This 
model  and  the  supporting  evidence  will  be  explained  in  this  section  from  the  standpoint 
of  device  processes. 
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The  foundation  of  the  model  is  that  the  BT0/Zn2Ge04:Mn  interface  acts  as  an 
efficient  cathode  (Al(-)  polarity)  while  the  AT0/Zn2Ge04:Mn  interface  does  not. 
Evidence  supporting  this  comes  primarily  from  L(t)  measurements.  A higher  excitation 
rate  is  seen  from  the  emission  build  up  in  Figure  4-37  as  compared  to  Figure  4-36.  In 
addition,  Figure  4-46  clearly  shows  that  only  the  Al(-)  polarity  efficiently  excited  the 
long-lived  Mn^^  emission. 

The  Q-V  and  Q-Fp  data  clearly  demonstrate  dynamic  space  charge.  This 
phenomenon  was  discussed  in  more  detail  in  Chapter  3,  but  results  when  space  charge  is 
created  and  annihilated  on  a time  scale  smaller  than  that  of  the  excitation  waveform.  This 
type  of  space  charge  is  evident  in  SrS:Ce  ACTFEL  devices,  and  in  these  devices  it  is 
usually  attributed  to  trap-to-band  ionization  of  point  defects  [26,  69,  71-73,  138]. 

Because  of  the  similar  nature  of  the  Q-V/Q-Fp  curvature  to  that  in  SrS:Ce,  this 
mechanism  is  also  proposed  here.  It  has  been  discussed  that  this  type  of  space  charge 
develops  preferentially  near  the  cathodic  interface.  It  follows  that  the  interface  that 
provides  the  more  energetic  electron  energy  distribution  would  result  in  a larger  amount 
of  ionization  and  therefore  space  charge. 

The  sample  thickness  would  have  a dramatic  influence  on  the  energy  band  profile 
through  the  film.  It  is  proposed  that  for  a thick  phosphor  layer,  the  creation  of  a large 
amount  of  space  charge  near  one  cathode  results  in  a broad  low  field  region  near  the 
anode.  For  a thin  phosphor  layer  the  low  field  region  would  not  be  exist.  This  assertion 
is  validated  by  the  phosphor  field  data  shown  in  Table  4-6,  which  demonstrates  that  a 
thicker  phosphor  layer  results  in  a smaller  average  phosphor  field.  This  concept  is  shown 
schematically  in  Figure  4-49. 
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Figure  4-49.  Schematic  energy  band  diagram  showing  the  smaller  average  phosphor 
field  for  a thicker  phosphor  layer  exhibiting  dynamic  space  charge. 


Given  the  asymmetric  band  bending  and  electron  energy  distribution,  the 
following  processes  are  proposed  to  explain  the  observed  data: 

When  the  Al(-)  excitation  pulse  is  applied,  electrons  tunnel  at  ballistic  energies 
into  the  conduction  band  of  the  phosphor.  They  achieve  sufficient  energy  to  cause 
impact  ionization  of  the  lattice  and/or  trap  levels,  resulting  in  sub-gap  emission,  or  “blue 
flash”  emission  (processes  1 and  3 in  Figure  4-50).  Direct  impact  excitation  of  Mn^^  is 
also  possible  and  efficient  (process  2 in  Figure  4-50).  As  trap-to-band  ionization  takes 
place,  space  charge  is  generated  which  enhances  the  local  field  near  the  cathode.  This 
field  quenches  the  blue  flash  emission,  as  shown  experimentally  in  Figure  4-40,  and 
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results  in  a broad  low  field  region  near  the  anode.  These  processes  are  shown 
schematically  in  Figure  4-50. 
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Figure  4-50.  Schematic  diagram  showing  EL  processes  for  the  Al(-)  polarity  in 
Zn2Ge04:Mn  devices. 


When  the  Al(-)  excitation  pulse  is  removed,  there  is  an  opposing  field  due  to  the 
conduction  current.  The  opposing  field  is  larger  for  this  polarity  since  the  magnitude  of 
conduction  charge  is  larger.  The  field  lines  would  show  a minimum  within  the  phosphor 
layer,  spatially  located  where  positive  charge  is  trapped  near  the  BT0/Zn2Ge04:Mn 
cathode.  A small  number  of  electrons  in  shallow  traps  are  then  able  to  move  back 
towards  the  potential  minimum,  resulting  in  radiative  recombination  with  holes  generated 
by  trap-to-band  ionization  or  hole  re-capture.  This  results  in  the  short-lived  trailing  edge 
emission  seen  at  the  end  of  the  Al(-)  pulse  in  Figure  4-46.  Additional  leakage  charge 
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occurs  between  the  voltage  pulses,  but  is  too  small  to  detect  and  therefore  may  result  in 
radiative  or  non-radiative  recombination. 

When  the  Al(+)  excitation  pulse  is  applied,  the  processes  which  take  place  depend 
significantly  on  the  phosphor  layer  thickness.  For  a thin  phosphor  layer  the  low  field 
region  does  not  exist  so  the  processes  are  similar  to  those  from  the  Al(-)  polarity. 
However  for  a thick  phosphor  layer  the  field  lines  are  relatively  flat  near  the  cathode  and 
electrons  are  not  injected  as  efficiently  as  for  the  Al(-)  polarity.  In  fact  it  is  shown  later 
that  the  electrons  may  be  sourced  from  bulk  phosphor  traps  for  this  polarity  rather  than 
the  iterface.  This  means  that  a smaller  number  of  electrons  reach  energies  large  enough 
to  ionize  defects  or  impact  excite  Mn^^  centers.  These  two  observations  are  demonstrated 
by  the  data  in  Figures  4-38  and  4-46.  In  addition,  because  of  the  lower  field  and  lack  of 
space  charge  generation  the  blue  flash  emission  is  not  quenched  by  high  fields,  as 
demonstrated  by  Figure  4-40.  The  primary  emission  mechanism  is  e-h  pair 
recombination  between  the  low  energy  conduction  electrons  and  the  positive  charges  in 
the  lattice.  For  an  intermediate  phosphor  thickness  an  intermediate  situation  takes  place 
where  some  Mn^^  excitation  occurs  along  with  the  e-h  pair  recombination.  Upon 
removal  of  the  Al(+)  excitation  pulse,  little  out  of  the  ordinary  takes  place.  This  is 
because  a smaller  amount  of  conduction  charge  is  observed  and  the  Al(-)  interface  has 
sufficiently  deep  traps  to  store  the  electrons  until  the  Al(+)  excitation  pulse  is  applied. 
Therefore  the  leakage  charge  that  results  in  the  trailing  edge  emission  for  the  Al(-) 
polarity  is  not  observed. 
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Figure  4-5 1 . Schematic  diagram  showing  the  EL  processes  which  occur  during  the  Al(+) 
excitation  pulse  in  Zn2Ge04:Mn  devices. 

The  data  in  Figure  4-48  shows  L(t)  and  icond(t)  data  for  a 700  Hz  waveform  which 
uses  two  consecutive  pulses  of  the  same  polarity.  This  data  is  very  unusual  in  that 
consecutive  same-polarity  pulses  are  normally  observed  to  result  in  little  or  no  excitation 
[3].  However  the  data  support  the  above  model.  The  second-pulse  emission  is  not 
observed  in  Figure  4-47,  which  uses  identical  conditions  as  Figure  4-46  except  that  the 
frequency  is  47  Hz.  It  has  been  shown  that  space  charge  decays  over  time  between 
pulses  if  charge  carriers  are  not  efficiently  trapped  [26].  Figure  4-47  shows  that  at  47  Hz 
there  is  no  trailing  edge  current,  indicating  that  electrons  are  efficiently  trapped. 
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However  at  700  Hz,  the  large  trailing  edge  current  indicates  that  a)  a large  amount  of 
space  charge  was  created  which  leaves  an  opposing  field  and  b)  the  electrons  are  not 
sufficiently  trapped  and  can  conduct  due  to  the  field  created  by  space  charge.  In  this  case 
the  electrons  may  simply  be  trapped  in  the  phosphor,  not  at  interface  states.  The  reason 
that  second-pulse  emission  is  usually  not  seen  is  that  the  opposing  field  remaining  due  to 
stored  charge  prevents  significant  conduction  charge  [3].  However  in  the  700  Hz  data, 
there  is  little  or  no  stored  charge  and  second-pulse  excitation  is  allowed. 

The  quenching  of  Mn^^  by  the  Al(+)  pulse  as  seen  in  Figure  4-46  is  very  unusual. 
The  L(t)  data  in  Figure  4-47  is  even  more  unusual.  This  shows  that  a second  pulse  of  the 
same  polarity  at  low  frequency  also  results  in  quenching  of  Mn^"^  emission.  But  the 
emission  appears  to  be  restored  upon  removal  of  the  pulse  as  if  the  quenching  had  not 
taken  place.  There  is  no  clear  mechanism  to  explain  the  observations.  Quenching  of 
Mn  emission  could  be  explained  by  a field  quenching  process  in  which  the  excited  state 
becomes  ionized  by  tunneling  of  the  electron  into  the  conduction  band.  This  is  not 
expected  because  the  Mn^"^  excited  state  has  been  demonstrated  by  the  data  here  to  be 
stable  under  high  fields  under  most  circumstances.  The  rapid  decay  behavior  does  not 
resemble  what  is  expected  by  an  excited  state  interaction  process  [45].  The  explanation 
that  seems  most  probable  is  that  there  is  some  type  of  defect  state  that  is  nearly  resonant 
with  the  Mn^^  excited  state.  The  e-h  pair  recombination  spectra  in  Figures  4-44  and  4-45 
demonstrate  that  there  are  certainly  defect  states  available  in  the  forbidden  gap.  The 
quenching  of  Mn  emission  occurs  most  severely  for  the  700  nm  sample,  as  shown  in 
Figure  4-46,  and  only  for  the  Al(+)  polarity.  As  mentioned  previously  the  Mn*  excited 
centers  are  believed  to  be  near  the  BT0/Zn2Ge04:Mn  interface  where  positive  charge  is 
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trapped.  It  is  proposed  that  when  electrons  are  available  to  annihilate  the  positive  charge 
some  sort  of  energy  transfer  mechanism  occurs  between  Mn*  and  nearly  resonant  states, 
quenching  Mn  emission.  Upon  removal  of  the  field,  under  certain  circumstances  it  is 
plausible  that  deep  traps  nearly  resonant  with  the  Mn*  excited  state  could  transfer  the 
energy  back  to  Mn^^,  restoring  the  Mn^^  emission,  as  seen  in  Figure  4-46.  It  was 
disscussed  previously  that  there  appears  to  be  a significant  amount  of  e-h  pair 
recombination  taking  place  at  energies  similar  to  the  Mn^^  transition,  so  this  explanation 
seems  plausible. 


CHAPTER  5 
CONCLUSIONS 


5.1  Co-Dopine  of  ZnS:Mn  with  K and  Cl 
The  effects  of  K and  Cl  doping  on  ZnS:Mn  ACTFEL  devices  fabricated  by  RF 
magnetron  sputtering  were  investigated  and  compared  to  devices  without  co-doping.  The 
codoping  was  shown  to  increase  the  B40  brightness  value  from  379  cd/m^  to  581  cd/m^ 
and  the  E40  efficiency  value  from  1.18  lum/W  and  1 .92  lum/W  at  60  Hz  for  the  best 
devices.  This  corresponds  to  an  improvement  of  53%  in  B40  and  a 62%  in  E40.  The 
effects  of  conduction  charge,  optical  outcoupling,  radiative  efficiency,  and  interface 
microstructure  were  shown  to  have  a small  effect  on  performance  relative  to  the  observed 
improvement.  Transient  opto-electrical  measurements  were  used  to  show  that  the 
improved  performance  comes  primarily  from  a 75%  increase  in  Mn^""  excitation 
efficiency.  By  studying  the  electrical  behavior  of  the  co-doped  devices  as  compared  to 
the  undoped  devices,  it  was  determined  that  there  is  a reduced  amount  of  static  space 
charge  in  the  co-doped  films,  resulting  in  a larger  average  field,  increased  excitation 
efficiency,  and  increased  charge  multiplication.  The  reduced  space  charge  is  attributed  to 
the  addition  of  shallow  charge  compensating  Vzn-Cls  acceptor  complexes  and  Cls  donor 
point  defects,  both  of  which  reduce  the  effects  of  Vzn  deep  hole  traps.  It  is  postulated  that 
there  is  sufficient  electron  multiplication  or  donor  ionization  to  create  a situation  in  which 
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the  current  limit  is  set  by  the  phosphor  resistance  rather  than  a capacitance  or  density  of 
states. 

5,2  Zn7Ge04:Mn  devices 

RF  magnetron  sputter  deposited  Zn2Ge04:Mn  thin  film  phosphors  were  evaluated 
in  ACTFEL  devices.  The  best  devices  achieved  B40  and  E40  values  of  74  cd/m^  and  0.19 
Im/W,  respectively,  with  saturated  green  chromaticity  of  CIE  x = .300  and  y = 0.664. 
Optical  data  reveal  efficient  charge  transfer  from  the  lattice  and  a 615  meV  sub-band  gap 
defect  state  to  the  Mn^  ion.  Unique  transient  optical  and  electrical  behavior  is  observed, 
and  a phenomenological  model  is  presented  to  explain  it.  The  electrical  and  optical 
properties  are  strongly  dependent  on  the  thickness  of  the  phosphor  layer.  This  is 
attributed  to  efficient  charge  injection  only  from  the  top  phosphor/insulator  interface  and 
an  unusually  large  amount  of  dynamic  space  charge  near  the  cathode.  The  dynamic 
space  charge  creates  an  extended  low  field  region  for  thick  devices  which  allows  efficient 
electron-hole  pair  recombination.  Unusual  transient  electrical  behavior  is  attributed  to 
slow  charge  injection  dominated  by  the  RC  time  constant  of  the  phosphor  layer.  Fast 
band-edge  recombination,  deep  level  electron-hole  pair  recombination,  and  near-resonant 
energy  transfer  to  and  from  the  Mn^^  excited  state  are  observed  and  are  used  to  explain 
the  anomalous  transient  optical  behavior. 


CHAPTER  6 
FUTURE  WORK 

6. 1 Co-Doping  of  ZnS:Mn  with  K and  Cl 
Co-doping  of  ZnS:Mn  with  alkali  halides  is  potentially  a commereially  important 
proeess,  and  warrants  further  investigation.  In  addition,  a better  understanding  of  the 
meehanisms  could  provide  insight  into  how  other  phosphor  systems  could  achieve  better 
performance  using  similar  processes.  The  following  areas  of  work  are  proposed.  The 
first  three  suggested  areas  were  investigated  in  a cursory  fashion  and  should  be  more 
thoroughly  studied: 

1 . A statistical  study  of  co-doping  effects.  The  results  which  were  presented  and 
analj/zed  in  this  work  come  from  a limited  number  of  samples.  Experience  shows 
that  device  properties  can  vary  significantly  from  sample  to  sample,  and  a better 
understanding  of  the  universal  effects  of  co-doping  would  aid  the  understanding  of 
the  mechanisms  involved.  For  example,  increased  brightness,  efficiency,  and 
threshold  voltage  are  seen  consistently,  but  the  magnitude  differs.  Other  effects  are 
not  necessarily  as  consistent  and  these  should  be  investigated. 

2.  A comparison  of  the  effects  of  co-doping  on  sputtered  films  versus  evaporated  or 
ALE  ZnS:Mn  films.  The  primary  reason  is  that  most  previous  work  on  ZnS:Mn 
devices  uses  one  of  these  other  deposition  methods,  and  the  properties  of  the  devices 
are  better  known  and  better  understood.  This  would  provide  a better  understanding 
for  the  baseline  properties  of  the  control  samples.  In  addition,  improving  the 
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performance  for  samples  grown  by  these  methods  is  more  likely  to  have  a 
commercial  impact. 

3.  A detailed  comparison  of  the  effects  of  different  alkali  halide  compounds.  This  study 
would  provide  more  insight  into  the  role  of  the  cation  and  anion.  For  example,  while 
evidence  shows  that  potassium  is  likely  to  be  an  interstitial  defect,  this  may  not  be 
true  for  smaller  cations  such  as  sodium  or  lithium.  Different  defect  levels  could  also 
change  the  performance  of  the  devices.  The  limited  results  already  obtained  are  given 
in  Appendix  A. 

4.  Hall  conductivity  and  photoconductivity  measurements.  Incorporating  these 
measurements  into  the  previously  mentioned  analyses  should  provide  a better 
understanding  of  the  electrical  nature  of  the  dopants,  as  compared  to  SIMS 
measurements  which  only  provide  a physical  concentration. 

5.  Incorporating  the  proposed  defect  levels  into  state-space  device  models.  This  would 
help  to  confirm  or  refute  the  proposed  mechanisms.  To  date,  the  state  space  approach 
has  yielded  accurate  simulations  for  ZnS:Mn  devices  grown  by  evaporation  or  ALE. 

6.  Investigation  of  “blue- flash”  luminescence.  This  would  give  some  insight  into 
possible  excitonic  recombination  processes. 


6.2  Zn7GeO^:Mn  devices 

Zn2Ge04-based  devices  have  shown  interesting  and  unique  characteristics.  But 
more  importantly,  have  shown  promise  as  a commercially  useful  EL  phosphor. 
However,  more  work  is  necessary  to  provide  a better  evaluation  of  this  phosphor.  The 
following  areas  of  research  are  suggested: 
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1 . Analysis  of  efficiency  similar  to  the  one  used  for  ZnS:Mn.  This  would  lead  to  several 
new  areas  of  study  such  as: 

• Improve  outcoupling  efficiency.  The  most  obvious  approach  would  be  to  modify  the 
surface  morphology. 

• Study/improve  radiative  efficiency.  PL  lifetime  studies  would  indicate  the 
significance  of  competing  non-radiative  processes,  and  processing  conditions  can  be 
used  to  improve  the  performance 

• Improve  excitation  efficiency.  This  is  especially  significant  for  thicker  phosphor 
layers  where  efficient  Mn  excitation  only  occurs  for  one  polarity.  A study  using 
different  insulator  materials  or  modified  interface  properties  could  improve  the  device 
performance  considerably. 

2.  Optimization  study  (not  necessarily  using  sputter  deposition)  which  includes  the 
following: 

• Mn  doping  concentration 

• Zn2Si04:Mn  alloying 

• Improved  surface  morphology 

• Investigation  of  the  (Zn,Be)2(Ge,Si)04:Mn  system.  (This  would  be  recommended 
only  after  significant  progress  has  been  made  in  understanding  the  device  properties 
and  requirements,  due  to  the  dangerous  effects  associated  with  Be.) 

3.  Investigate  transient  electrical  and  optical  behavior  using  non-trapeziodal  waveforms. 
This  would  require  a high  voltage  amplifier  used  in  tandem  with  an  arbitrary 
wavefore  generator.  Understanding  the  unique  electrical  behavior  in  these  devices 
would  be  aided  by  using  the  technique  employed  by  Neyts,  et  al  which  employs 
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triangular  voltage  pulses  rather  than  the  trapezoidal  pulses  used  during  this  work.  In 
addition,  preliminary  studies  using  unconventional  pulse  sequences,  such  as 
consecutive  same-polarity  pulses,  showed  unusual  behavior  which  should  be 
investigated  further.  Most  importantly,  using  a slow  voltage  slew  rate  would  help  to 
confirm  or  deny  the  explanation  that  the  unusual  Q-V  characteristics  are  due 
primarily  to  the  RC  time  constant  of  the  device. 

4.  Measure  emission  spectra  of  undoped  devices.  These  studies  should  give  insight  into 
the  possibility  that  the  short-lived  decay  comes  not  from  energy  transfer  away  from 
Mn,  but  rather  from  another  source  such  as  e-h  pair  recombination. 

5.  Electron  paramagnetic  resonance  (EPR)  measurements  would  help  give  some  insight 
into  the  symmetry  and  surroundings  of  the  Mn^'^  ion.  This  would  help  to  confirm  or 
deny  the  possibility  that  the  unusual  emission  behavior  is  related  to  different  Mn^^ 
symmetries. 

6.  Coerced-field  measurements.  This  refers  to  the  types  of  measurements  discussed  in 
Ch.  3 regarding  the  elimination  of  space  charge  by  constant  illumination  with  sub- 
band gap  radiation  during  operation.  This  would  reduce  band  bending  and  give  more 
insight  into  the  role  of  the  low-field  regions  in  allowing  electron-hole  pair 


recombination  to  occur. 
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APPENDIX  A 

EFFECTS  OF  VARIOUS  ALKALI  HALIDES  ON  ZnS:Mn  DEVICES 


Preliminary  experiments  were  performed  to  investigate  the  effects  of  other  alkali 
halides,  not  just  KCl,  on  ZnS:Mn  devices.  The  experimental  procedure  was  identical  to 
that  described  in  Chapter  3.  Only  the  alkali  halide  compound  was  different.  The  results 
are  shown  below. 


Figure  A-1.  B-V  data  for  ZnS:Mn  ACTFEL  devices  co-doped  with  various  alkali  halide 
compounds. 
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Table  A-1.  Performance  data  for  ZnS:Mn  ACTFEL  devices  co-doped  with  various  alkali 


halide  compounds. 


Sample 

name 

Vth 

B40  (cd/m^) 

E40  (ImA/V) 

ClEx 

CIE  V Co-dopant 

F36 

137.6 

287.9 

1.568 

0.516 

0.482 

KCI 

F37 

149.9 

431.8 

2.086 

0.533 

0.465 

KBr 

F38 

135.7 

144.7 

0.762 

Kl 

F39 

133.0 

242.0 

1.220 

0.531 

0.467 

None 

APPENDIX  B 

EL  PERFORMANCE  DATA  FOR  Zn2Ge04:Mn  DEVICES 
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Run#  Target#  RTA  02p.p.  02%  Press  Thick  B40  E40  B40(norm)  ClEx  ClEy  comments 

°C  mTorr mTorr  A Nits  Im/W  nitsMOOnm 

b7-109  c 245  810  0 0 35  2106  2.4  0.01  4.5536562  0.361  0.591 

b7-109  d 245  0 0 35  0 

b7-110  c 245  810  0 0 35  1028  3.43  0.01  1.3319074  0.389  0.525 
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John  South  Lewis  III  (Jay)  was  bom  in  Huntsville,  Alabama  on  July  1,  1973.  He 
lived  in  Houston,  Texas  from  1974  until  his  family  moved  back  to  Huntsville  in  1984. 

He  graduated  from  Huntsville  High  School  in  1991  as  a National  Merit  Scholar. 

He  attended  the  Georgia  Insitute  of  Technology  beginning  in  September  1991  and 
graduated  in  June  1996  with  a bachelors  degree,  highest  honors,  in  Materials  Science  and 
Engineering.  He  was  awarded  his  Master  of  Science  degree  from  the  Department  of 
Materials  Science  and  Engineering  at  the  University  of  Florida  in  1998. 

From  1992-1995  he  worked  at  the  Georgia  Tech  Research  Institute  as  a co-op 
student  and  from  1995-1996  as  a part-time  research  assistant,  primarily  studying 
chemical  vapor  deposition  of  refractory  thin  films.  He  has  worked  as  a summer  intern  for 
General  Motors  in  Norcoross,  GA  in  1995,  Planar  Systems,  Inc.  in  Beaverton,  OR,  in 
1997,  and  for  HP  Labs  in  Palo  Alto,  CA  in  1999. 

He  received  his  Ph.D.  from  the  Department  of  Materials  Science  and  Engineering 
at  the  University  of  Florida  under  the  advisement  of  Dr.  Paul  H.  Holloway.  His  areas  of 
research  included  phosphors  for  electroluminescent  and  cathodoluminescent  flat  panel 
displays  as  well  as  luminescence  of  rare-earth  and  transition  metal  ions.  His  areas  of 
interest  also  include  photonics  and  MEMS. 

Mr.  Lewis  was  awarded  the  Chapman-Pentecost  Scholarship  in  1995,  as  well  as 
the  ASM  Undergraduate  Scholarship  in  both  1994  and  1995.  In  1997  he  was  awarded  a 
National  Defense  Science  and  Engineering  Graduate  Fellowship,  and  in  1998  he  was 
awarded  the  Russell  and  Varian  Sigurd  Fellowship  from  the  American  Vacuum  Society. 

He  has  co-authored  8 refereed  articles  in  the  areas  of  luminescence,  phosphors, 
chemical  vapor  deposition,  and  chemical  vapor  infiltration. 
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